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ABSTRACT

Marra, Nicholas J. Ph.D., Purdue University, December 2013. Understanding
Osmoregulation and Immunity in Heteromyid Rodents Through Insights Gained from
RNA-Seq. Major Professor: Dr. J. Andrew DeWoody.

Understanding the genetic basis of adaptation is one of the central questions of
evolutionary genetics. In the face of selective pressure, individuals with adaptive
phenotypes survive and pass on their beneficial alleles that conferred this fitness
advantage. Over sufficient time scales and under strong selection, differences
accumulate between taxa in the form of physical and/or behavioral traits that have been
shaped differently. By looking at the transcriptomes of related taxa we can identify
sequence and regulatory differences that represent molecular signatures of these different
selection regimes. When we study these differences between taxa that have evolved
under opposing selective forces we can identify the genetic underpinnings of adaptation
to those conditions.
Species from the Heteromyidae form an exemplary system for studying the
genetics of adaptation in a comparative framework. This new world family of rodents is
comprised of three subfamilies (the Dipodomyinae, Perognathinae, and Heteromyinae)
that range from the temperate/arid habitat of the southwestern United States down
through Mexico and the mesic habitat of Central America into northern South America.
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Members of the Dipodomyinae and Perognathinae largely populate desert habitat and
have developed numerous behavioral and physiological adaptations to combat the issue
of water loss. This response to selection has manifested itself in extraordinarily efficient
kidney function that forms a textbook example of adaptation. However, despite
knowledge of their kidney physiology, the genetic basis of this ability to retain water
during waste production is unknown. In contrast to the other Heteromyids, members of
the Heteromyinae largely inhabit wet tropical and subtropical forest without the same
need for efficient water use. This, coupled with a near simultaneous radiation into the
three subfamilies provides a controlled framework to identify differences between species
from dry and wet habitat as well as between temperate and tropical species.
In this dissertation I utilize 2nd generation sequencing technologies to study these
differences by characterizing the genes expressed in biologically interesting tissues of
three Heteromyid species. In sequencing the kidney and spleen transcriptomes of adult
Dipodomys spectabilis (banner-tailed kangaroo rat), Chaetodipus baileyi (Bailey’s pocket
mouse), and Heteromys desmarestianus (forest spiny pocket mouse), I have sampled a
representative of the Dipodomyinae, Perognathinae, and Heteromyinae, respectively. In
chapter 1, I took a first pass at characterizing the kidney transcriptome of D. spectabilis.
I identified a priori candidate genes important to kidney function from genetic model
rodent species in an effort to identify potential drivers of D. spectabilis’ recorded ability
to retain water during the production of highly concentrated waste. I hypothesized that
those candidates identified in D. spectabilis coupled with genes upregulated in this
adapted organ would contain signatures of selection and have drastically divergent
patterns of expression as hallmarks of their role in adaptation to a desert lifestyle.
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In chapter 2, I sought to identify if these or other genes exhibited clear patterns of
differential expression and differentiation from the mesic H. desmarestianus that were
driven by the different selective regimes on desert and mesic species. I also compared
both species to C. baileyi, hypothesizing that any consistent differences seen in both C.
baileyi and D. spectabilis relative to H. desmarestianus would be attributable to
adaptation to arid habitat. In this chapter I identified a large number of genes in each
species (roughly 11,000 per species) and filtered this set down to a subset of genes that
either due to expression patterns or positive selection have evidence to be possible drivers
of efficient osmoregulation in desert Heteromyids.
For chapter 3, I focused on the genes expressed in spleen as an important tissue
for immune response. Again I utilized the comparative framework of the Heteromyid
family history in comparing the tropical H. desmarestianus to the temperate D.
spectabilis and C. baileyi. My hypothesis was that greater selective pressure on immune
response from increased pathogen diversity and burden in the tropics would fashion
sequence evolution and different levels of gene regulation for immunity genes in H.
desmarestianus. As in chapter 2, I generated a large amount of sequence data while
winnowing down to a small number of solid candidate genes displaying positive selection
and differential gene expression between the tropical and temperate Heteromyids. Due to
the consistent patterns seen in the comparisons of D. spectabilis and C. baileyi against H.
desmarestianus I predict that a subset of the genes identified here from kidney and spleen
RNA-seq will prove to play a significant adaptive role in other vertebrates. Namely, the
genes identified in chapters 1 and 2 will play roles in adaptation to water scarcity and
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those identified in chapter 3 will be consistently affected by the immune challenge of
increased pathogen exposure in tropical species.
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CHAPTER 1. A PRIORI AND A POSTERIORI APPROACHES FOR FINDING
GENES OF EVOLUTIONARY INTEREST IN NON-MODEL SPECIES:
OSMOREGULATORY GENES IN THE KIDNEY TRANSCRIPTOME OF THE
DESERT RODENT DIPODOMYS SPECTABILIS

Nickolas J. Marra, Soo Hyung Eo, Matthew C. Hale, Peter M. Waser, J. Andrew
DeWoody (2012) A priori and a posteriori approaches for finding genes of evolutionary
interest in non-model species: osmoregulatory genes in the kidney transcriptome of the
desert rodent Dipodomys spectabilis (banner-tailed kangaroo rat). Comparative
Biochemistry and Physiology Part D, 7, 328–39
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1.1

Abstract

One common goal in evolutionary biology is the identification of genes
underlying adaptive traits of evolutionary interest. Recently next-generation sequencing
techniques have greatly facilitated such evolutionary studies in species otherwise
depauperate of genomic resources. Kangaroo rats (Dipodomys sp.) serve as exemplars of
adaptation in that they inhabit extremely arid environments, yet require no drinking water
because of ultra-efficient kidney function and osmoregulation. As a basis for identifying
water conservation genes in kangaroo rats, we conducted a priori bioinformatics searches
in model rodents (Mus musculus and Rattus norvegicus) to identify candidate genes with
known or suspected osmoregulatory function. We then obtained 446,758 reads via 454
pyrosequencing to characterize genes expressed in the kidney of banner-tailed kangaroo
rats (D. spectabilis). We also determined candidates a posteriori by identifying genes
that were overexpressed in the kidney. The kangaroo rat sequences revealed nine
different a priori candidate genes predicted from our Mus and Rattus searches, as well as
32 a posteriori candidate genes that were overexpressed in kidney. Mutations in two of
these genes, Slc12a1 and Slc12a3, cause human renal diseases that result in the inability
to concentrate urine. These genes are likely key determinants of physiological water
conservation in desert rodents.
Keywords: Digital Gene Expression, molecular evolution, water balance, 454, nextgeneration sequencing, RNA-seq
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1.2

Introduction

Evolutionary adaptations are myriad, and all have a genetic basis. This genetic
basis can be manifested through changes in gene sequence or gene expression that
contribute to adaptive phenotypes (Orr & Coyne 1992; Feder and Mitchell-Olds 2003).
For instance, multiple studies have identified loci associated with the loss of lateral plates
and pelvic armor in freshwater threespine stickleback (Gasterosteus aculeatus)
populations (Cresko et al., 2004; Shapiro et al., 2004). Another example is the role of
various melanocortin-1-receptor (Mc1r) substitutions in the expression of adaptive color
morphs of pocket mice Chaetodipus intermedius (Nachman et al., 2003; Nachman 2005).
The search for cognate genes underlying such traits is a major focus of modern
evolutionary genetics. In model species such as Arabidopsis thaliana and Drosophila
melanogaster, these searches are usually aided by entire genome sequences and
comprehensive genetic maps that aid in population genomic and/or quantitative genetic
approaches (Feder and Mitchell-Olds 2003). In non-model species, the search for such
genes proves more difficult (Stinchcombe and Hoekstra 2007). Fortunately, advances in
DNA sequencing provide an avenue by which biologists who study non-model species
can begin to identify adaptive genes underlying traits that have been targets of strong
natural selection (Hudson 2008; Ekblom and Galindo 2011).
One adaptive trait presumably under strong selection is water conservation in
desert animals. Water is scarce in deserts and many organisms are forced to satisfy their
water requirements by feeding on succulent foods or tolerating drastic dehydration
coupled with an increased drinking capacity (Schmidt-Nielsen and Schmidt-Nielsen 1952;
Schmidt-Nielsen 1964). The maintenance of homeostasis creates numerous avenues for
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water to be lost, including evaporative water loss during thermal regulation, respiratory
water loss, and loss during waste excretion (Schmidt-Nielsen 1964; Cain III et al., 2006).
These sources of water loss impose strong selective pressures on osmoregulation, and
both behavioral and physiological adaptations for water conservation have evolved
accordingly.
Behavioral adaptations help organisms avoid situations where water loss occurs as
a result of thermal regulation or through respiration. Physiological adaptations can
further limit water loss. One physiological adaptation for water conservation is to
increase water retention during waste production (Schmidt-Nielsen et al., 1948; SchmidtNielsen and Schmidt-Nielsen 1952). There is ample evidence to indicate that various
desert animals have enhanced kidney efficiency that leads to the production of
concentrated urine (Schmidt-Nielsen and Schmidt-Nielsen 1952; Schmidt-Nielsen 1964).
Enhanced kidney efficiency is realized by the higher relative medullary thickness seen in
many mammals from arid and marine environments (Schmidt-Nielsen and O’Dell 1961;
Beuchat 1996; Al-Kahtani et al., 2004), including those in the Heteromyidae. This
family of New World rodents largely inhabits arid and semi-arid environments in
southwestern North America and includes the kangaroo rats (genus Dipodomys)
(Alexander and Riddle 2005; Eisenberg 1963).
The banner-tailed kangaroo rat (D. spectabilis) has long been noted for its ability
to survive in xeric habitats with little to no drinking water (Vorhies and Taylor 1922;
Holdenried 1957; Schmidt-Nielsen 1948; Schmidt-Nielsen 1964). Its diet is dominated
by seeds (Vorhies and Taylor 1922; Holdenried 1957; Best 1988) and this species seldom
feeds on highly succulent food, so it must efficiently conserve the water it obtains from
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its diet and the environment. Behaviorally, water conservation is achieved by 1) fossorial
denning in large burrows with elevated humidity (Schmidt-Nielsen and Schmidt-Nielsen
1950; Schmidt-Nielsen and Schmidt-Nielsen 1952; Holdenried 1957) and 2) nocturnal
activity that limits water loss by reducing exposure to high temperatures that would
necessitate excessive thermal regulation (Holdenried 1957). However, D. spectabilis is
most famous for its ability to retain water during waste production. In particular, bannertailed kangaroo rats produce extremely concentrated urine (Schmidt-Nielsen et al., 1948;
Schmidt-Nielsen et al., 1948a; Schmidt-Nielsen et al., 1948b) by means of elongated
loops of Henle (Howell and Gersh 1935; Schmidt-Nielsen 1952; Vimtrup and SchmidtNielsen 1952). Thus far, the genetic basis of this adaptation is unknown.
There are several genetic mechanisms that could explain the urine-concentrating
ability of kangaroo rats. For instance, efficient osmoregulation could result from the
evolution of one or a few genes by strong positive and/or purifying selection on proteincoding sequence(s) in kangaroo rats. Alternatively, selection might act on regulatory
regions to alter the expression of existing genes common to many species. For example,
upregulation of a key gene during urine production could produce an abundance of
kidney proteins essential for efficient transport of water from the filtrate back into the
blood stream. Finally (and perhaps most likely), urine-concentrating ability may have
evolved through selection on protein-coding sequences and on regulatory control of gene
expression.
We used massively-parallel sequencing and other approaches to identify
candidate osmoregulatory genes. First, we identified a list of gene ontology (GO) terms
related to water retention from the AmiGO database and downloaded a priori candidate
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Mus musculus and Rattus norvegicus genes annotated with these terms. Next, we used
454 pyrosequencing (Roche) of cDNA from four individual kangaroo rats to identify the
major components of the kidney transcriptome and to identify target genes responsible
for efficient osmoregulation. Finally, we identified additional candidate genes a
posteriori that were significantly overexpressed in kangaroo rat kidney relative to a
reference tissue (spleen). Candidate genes were then compared to the remaining genes
identified in the de novo kidney transcriptome assembly regarding the distribution of GO
terms, presence of molecular markers, and molecular measures of natural selection.

1.3
1.3.1

Methods

Sample Collection, RNA Extraction, and cDNA Synthesis

Four adult D. spectabilis individuals were collected from our long-term field site
near Portal, Arizona in December, 2009 (see Busch et al., 2009 for GPS coordinates).
These individuals were trapped with Sherman live traps (Jones 1984), and included two
males (♂0828 and ♂0812) and two females (♀0862 and ♀0871). Each individual was
euthanized according to IACUC approved protocols and dissected to remove target
(kidney) and reference (spleen) tissue. We used a reference tissue to identify distinctive
patterns of gene expression in D. spectabilis kidney; we chose spleen in an attempt to
characterize major histocompatibility complex genes as part of a separate study (Marra et
al in prep). Each tissue was immediately minced and part of the sample was frozen in
liquid nitrogen while another section was placed in TRIzol® reagent (Invitrogen) and
frozen on dry ice for transport back to Purdue University.
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Separate RNA extractions were conducted for kidney and spleen tissue from each
individual; thus there were a total of 8 “libraries”. We chose kidney to capture candidate
genes involved in osmoregulation, and spleen as a control tissue. We used TRIzol®
reagent (Invitrogen) for RNA extractions according to the manufacturer’s instructions.
RNA quality and quantity was assessed via gel electrophoresis and spectrophotometry
(Nanodrop 8000; Thermo Scientific). These tests revealed possible genomic DNA
contamination in the four spleen RNA extracts, so we treated them with DNaseI (NEB)
prior to cDNA synthesis. Subsequently, all extracts were used for separate cDNA
synthesis using the ClonTech SMART cDNA synthesis kit (Zhu et al., 2001) with a
modified CDS III/3’ primer (Hale et al., 2009; Hale et al., 2010; Eo et al., 2012).
Second strand cDNA synthesis was conducted using the ClonTech PCR
Advantage II polymerase and a thermal profile that included a 1 minute denaturation at
95˚C followed by 25, 28, or 30 cycles of 95˚C for 15 seconds, 68˚C for six minutes; the
number of cycles was optimized for the quality and size distribution of each cDNA
library. Each cDNA library was digested with SfiI and subsequently purified with a
QIAquick PCR purification kit (Qiagen) to remove oligos. The quality and quantity of
each library was checked with spectrophotometry (Nanodrop 8000; Thermo Scientific)
and gel electrophoresis, revealing that the main size distribution of these double-stranded
cDNA libraries was 500-3000 bp.

1.3.2

454 Sequencing and Transcriptome Assembly

Each of the eight cDNA libraries was prepared for 454 pyrosequencing according
to standard methods (Marguiles et al., 2005). Briefly, the cDNA was sheared by
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nebulization, ligated to adaptor sequences, captured on individual beads, and then
subjected to emulsion PCR and flowed into individual wells of a picotiter plate (PTP
device) for sequencing. During this preparation, a library specific Multiplex IDentifier
(MID) sequence was ligated to the fragments from each library, which allowed us to sort
the reads according to their library of origin. The eight cDNA libraries were sequenced
on ½ of a PTP device using the Roche GS-FLX (454) platform and Titanium chemistry.
The resulting sequence reads were screened to remove poor quality reads and
adaptor sequences, and then trimmed to remove any remnant sequence from the cDNA
synthesis primers using custom Perl scripts adapted from Meyer et al., (2009). The
program PCAP (Huang et al., 2003) was used to assemble the trimmed reads into unique
de novo assemblies for each cDNA library as well as tissue specific assemblies. All
assemblies were conducted using the default settings for PCAP (minimum identity cutoff
of 92%, see Huang et al., 2003). Previous studies utilized this program for successful de
novo assembly of transcriptome data from other non-model species (Hale et al., 2009;
Hale et al., 2010; Eo et al., 2012). For tissue specific assemblies, all reads were
assembled together from the four kidney or the four spleen libraries. The contigs from
each assembly were given preliminary gene descriptions using a BLASTx search (e-value
≤ 1.00 x 10-6 and bit score ≥ 40) against NCBI’s non-redundant (nr) database.

1.3.3

A Priori Candidate Genes Identified via Model Species

We presumed that D. spectabilis genes integral to efficient osmoregulation might
include sequences previously identified in other rodent genomes (namely Mus musculus
and Rattus norvegicus), but that such a search might not be straightforward given that
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these three species diverged from one another over 60 million years ago (Meredith et al.,
2011). Towards this end, we identified 38 candidate genes (Appendix Table A 1; GO
terms current as of GO database release on 6/25/2011) by searching the Gene Ontology
database for Mus musculus and Rattus norvegicus genes annotated with the direct
children GO terms of Renal System Process (GO:0003014) using the AmiGO browser
(Carbon et al., 2009, version 1.8). See Table 1.1 for a list of the GO terms used and the
number of candidate genes that possessed this annotation.
To determine if the Mus musculus or Rattus norvegicus candidate genes we
identified a priori matched any of our expressed sequence tags (ESTs) from kangaroo
rats; we downloaded amino acid sequences from the Mouse Genome Informatics (MGI)
database for each of the proteins encoded by the genes listed in Appendix Table A 1. We
queried these mouse and rat sequences with the contigs from the pooled kangaroo rat
kidney assembly using standalone BLAST (Altschul et al., 1990) with the BLASTx
program (e-value ≤ 1.00 x 10-10 and bit score ≥ 40), which translates sequences in all six
reading frames before comparing to the collection of amino acid sequences. We
considered a contig as a match to a candidate gene only when the candidate also matched
the contig’s best hit from the non-redundant (nr) database or when the standalone BLAST
search gave a better match (lower e-value than the match in nr).

1.3.4

A Posteriori Candidate Genes Identified via Differential Expression

In native libraries (i.e., those that have not been normalized), the number of
sequence reads per gene can serve as a proxy for relative levels of gene expression (i.e.,
digital transcriptomics; Murray et al., 2007; ‘t Hoen et al., 2008; Hale et al., 2009). We
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reasoned that genes underlying water conservation might be specific to kidney and not
expressed at high levels in other tissues. To identify a posteriori candidates we tested for
transcripts that were significantly overexpressed in kidney relative to spleen tissue. A
second BLASTx search against the Swissprot database was conducted for all contigs and
singletons from each of the 8 individual libraries with a more conservative threshold of evalue ≤ 1.0 x 10-10. We assigned corresponding gene names of the Swissprot blast hits to
contigs and then summed the read counts that comprised each contig with an identical
gene name. Read counts for each gene also included singletons ascribed to the same gene
(e.g., those spanning a gene region not covered by a contig).
The use of four individuals for each tissue allowed us to obtain replicate read
counts for each gene. Thus there were two treatment types (K for Kidney and S for
Spleen) and four libraries in each treatment. The program DESeq (Anders and Huber
2010) was used to test for differential expression between these two treatments by
comparing the mean read counts for each gene. DESeq is an R/Bioconductor package
that infers differential expression between groups of biological replicates by modeling
count data with a negative binomial distribution, estimating variance and means from the
data. Additionally the package controls for variance due to differences in library size
through linear scaling (Anders and Huber 2010). Differentially expressed genes were
identified after a Benjamini-Hochberg procedure was utilized in order to account for
multiple testing at a 5% false discovery rate.
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1.3.5

GO Terms and Molecular Markers Present in Candidates

Blast2GO® (Götz et al., 2008) was used to assign GO terms and annotation for
sequences with top BLAST hits that had an e-value ≤ 1 x 10-6. We identified GO terms
that were significantly overrepresented in annotations of the a priori candidates as well as
those a posteriori DE genes that were overexpressed in kidney. To do so we used the
GOSSIP (Blüthgen et al., 2005) package in Blast2GO to run a Fisher’s Exact Test. This
tested for GO terms that were more frequently present in the annotation of the genes in
our subset of candidates relative to annotation of the rest of the genes in the kidney data
set. To correct for multiple testing, we allowed the program to employ a false discovery
rate (FDR) correction and filtered the results for the most specific terms at a FDR<0.05.
Molecular markers such as single nucleotide polymorphisms and microsatellites
within these genes could prove informative for researchers conducting population genetic
studies within this or related species. Thus we scanned our data for single nucleotide
polymorphisms (SNPs) and SNPs were detected in both pooled assemblies. SNPs called
by PCAP were discarded if they were encompassed by fewer than 4 reads, if the minor
allele was present in only a single read, or if the minor allele frequency was <0.05. In
addition to SNPs, we identified microsatellites using Msatcommander (Faircloth 2008)
with a minimum repeat length of six for di-nucleotide repeats and four for tri-, tetra-,
penta-, and hexa-nucleotide repeats.

1.3.6

Testing for Positive Selection

To test for positive or purifying selection on D. spectabilis genes, we conducted
pairwise comparisons between the D. spectabilis sequences and homologous sequences
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from Mus musculus. We evaluated any a priori defined candidate genes found in the
kidney assembly, and the a posteriori candidates that were differentially expressed (DE).
The tested set of DE genes included only those that were overexpressed in the kidney
relative to spleen and had orthologous sequences in both M. musculus and R. norvegicus.
The coding sequence (CDS) of each M. musculus gene was obtained from Ensembl
(Release 64). We further limited our comparisons to cases where Ensembl indicated a
one-to-one orthologous relationship between gene scaffolds of another kangaroo rat,
Dipodomys ordii, M. musculus, and R. norvegicus. This was done in order to avoid cases
where recent gene duplications (after splitting of these taxa) would confound the
underlying phylogenetic relationships. Below we describe the methods for aligning D.
spectabilis, M. musculus, and R. norvegicus sequences followed by a three taxon test for
identifying selection in the heteromyid lineage relative to muroid rodents following a
methodology similar to Clark et al. (2003).
We collected all D. spectabilis contigs which had significant BLAST hits to the a
priori candidate or DE gene and created a consensus D. spectabilis sequence.
Sequencher version 5.0 (Genecodes) was used to align each D. spectabilis contig in the
proper orientation to the presumptive M. musculus orthologue by eye and to join contigs
that aligned to overlapping or adjacent portions of the gene. This was accomplished by
comparing BLASTx searches of each contig against the Mus musculus transcript. The
consensus D. spectabilis sequence was then aligned to M. musculus and R. norvegicus
transcripts using DIALIGN-TX (Subramanian et al. 2008). The reference frame for the
translation of the D. spectabilis sequence was inferred from the BLASTx search.
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These alignments started with the region of similarity from the BLASTx hit and
continued until the end of the Mus musculus transcript or until a stop codon was
encountered in the D. spectabilis sequence. In the latter scenario we encountered cases
where the BLASTx search indicated additional regions of similarity between D.
spectabilis and M. musculus separated by gaps in the D. spectabilis consensus sequence
or in different reading frames. Shifts in reading frame were often preceded by a poor
quality base or homopolymer run and thus assumed to be due to sequencing errors.
Meanwhile gaps in the D. spectabilis sequence were often the result of incomplete
coverage of long transcripts (e.g., one contig covering the 5’ end of the transcript and a
second contig at the 3’ end of the transcript but lacking overlapping reads). See
Appendix Figure A 1 for alignment methods in these scenarios. Alignments were
constructed for each separate stretch of continuous overlap between the D. spectabilis
contigs, M. musculus sequence, and R. norvegicus sequence (e.g., if there was overlap for
the first 300 bp, followed by a gap of 50 bp and another overlap of 300 bp, then two
separate 300 bp alignments were made). Thus for each gene, we were left with one to
several alignments of D. spectabilis sequence to different portions of the corresponding
M. musculus transcript.
Maximum likelihood trees were constructed for each alignment using PhyML 3.0
(Guindon and Gascuel, 2003) following model selection with MrAIC (Nylander, 2004).
Each alignment and tree was subsequently used to test for selection along the kangaroo
rat lineage relative to the mouse and rat lineages using the dn/ds ratio (ω) along each
branch of the tree. In general, ω=1, <1, and >1 are indicative of neutral evolution,
purifying selection, and positive selection, respectively. The codeml program in PAML
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version 4.4 (Yang 1997; Yang 2007) was used to calculate ω using a three taxa
comparison as in the model 1 test of Clark et al. (2003); we used the M0 and M1 models
to fix ω or to allow ω to vary along each branch of the tree. A likelihood ratio test was
used to evaluate whether the model used to calculate ω was significantly different from
the M0 model (where ω is fixed). Positive selection was inferred when ω>1 and was
elevated along the D. spectabilis branch relative to the M. musculus and R. norvegicus
branches. When multiple alignments corresponded to a single gene, the analysis was first
conducted for each separate alignment and then for an overall gene estimate. For the
overall gene estimates, separate alignments were concatenated prior to analysis.

1.4
1.4.1

Results

Sequence Assembly and BLAST Annotation

We obtained 446,758 reads spanning 143.75 Mb. After quality control to remove
adaptors, cDNA synthesis primers, and reads with poor quality scores, we were left with
433,395 trimmed reads spanning 127.33 Mb. Table 1.1 shows the distribution of these
trimmed reads amongst the eight libraries as well as the PCAP assembly data for each
library. The pooled kidney assembly was derived from 230,299 reads that had a mean
length of 296 bases (after trimming). About 58% of these reads assembled into 20,484
contigs with a mean length of 464 bp. Of the 203,096 spleen reads (mean trimmed length
of 292 bases), 115,653 assembled into 23,376 contigs (mean length of 435 bp). Thus, the
two pooled libraries were similar with respect to the number and length of both reads and
contigs.
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The BLASTx analysis revealed 9,129 contigs in the kidney assembly (44.6% of
contigs) and 8,237 contigs in the pooled spleen assembly (35.2%) that had significant hits
to sequences in the non-redundant (nr) database. These hits were to 6,314 (kidney) and
5,992 (spleen) unique proteins. This indicates that in some cases, multiple contigs are
derived from the same gene, either from alternative splice variants or from different
regions of the same transcript for which intervening sequence is lacking.

1.4.2

A Priori Candidate Genes Identified via Model Species

Our BLASTx search found that 31 kangaroo rat contigs from the pooled kidney
assembly had a similarity match to one of our 38 candidate genes. For 13 of these 31
kangaroo rat contigs (42%), the candidate murine gene was also the top BLAST hit
recovered from the non-redundant (nr) database. These 13 contigs matched 9 of our
candidate genes (i.e., two murine genes matched multiple kangaroo rat contigs; Table 1.3
lists these contigs and their candidate gene match). Thus, the kangaroo rat sequence
reads include at least 9 genes known to also be expressed in murine kidneys.

1.4.3

A Posteriori Candidate Genes Identified via Differential Expression

The DESeq analysis revealed 59 DE genes between kidney (n=4) and spleen
(n=4) at a 5% false discovery rate (see Figure 1.1; points in red represent genes with
significant DE). Figure 1.2 is an expression heat map of the top 59 DE genes. Of these
DE genes, 32 were overexpressed in kidney tissue (Table 1.4). Interestingly one of these
32 is Slc12a1, which is also one of our a priori candidate genes. Slc12a1 (solute carrier
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family 12 member 1) is a chlorine coupled sodium and potassium transporter that acts in
renal salt reabsorption (Herbert 1998).
Figure 1.3 illustrates the variance functions for read counts within each treatment
(i.e., kidney or spleen). Each dashed line corresponds to the variance of an individual
sample (e.g., male 0828 kidney). The variance is composed of the shot noise, defined as
the noise inherent to read counts, and the raw variance, which is the signal in the data
revealed by the biological replicates (solid lines). Thus, the difference between the
dashed line and its corresponding solid line is the shot noise (see Anders and Huber
2010). Figure 1.3 shows that for genes with low read counts, the difference between
mean counts is dominated by shot noise, but as coverage increased these two lines
converge and the variance function beyond this point can be attributed to biological
replication (Anders and Huber 2010). This means that for genes with deep coverage, we
have the power to detect biological differences in expression. At base means ≥ 1000
there are no genes with that many reads and the variance functions are no longer accurate.

1.4.4

GO Terms and Molecular Markers Present in Candidates

Among the 9 a priori defined candidate genes expressed in kangaroo rat kidney,
only two genes (Slc12a1 and Cyba) contained SNPs. The total number of SNPs in
Slc12a1 was 7 and the ratio of transitions to transversions was 6:1. The only SNP in our
Cyba reads was a transition. In addition to SNPs, we found a tri-nucleotide repeat (AGG)
in Aqp2 that consisted of five repeats. Within the set of 32 genes over expressed in
kidney, we found 92 SNPs spread across 24 genes. The other eight genes did not contain
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any SNPs that passed our criteria. Additionally, 40 different microsatellites were located
in 17 of these same 32 genes.
The Fisher’s exact test revealed 88 GO terms which were overrepresented in
annotations of our a priori candidates relative to the remainder of the kidney data set
(Appendix Table A 1). Among these, 4 were terms in the cellular component (C)
category, 15 from the molecular function (M) category, and 69 from biological process
(P). Blast2GO (Götz et al. 2008) was used to filter these terms to include only GO terms
at the most specific level of the Gene Ontology hierarchy. These filtered terms are
displayed in Figure 1.4, which shows the proportion of contigs from the a priori
candidate genes that have been annotated with a given term along with the proportion of
all other kidney contigs annotated with the same term.
There were 175 GO terms overrepresented among the annotations of the a
posteriori DE genes relative to non-DE genes. Of these, 41 terms belong to the cellular
component category, 58 to the molecular function category, and 76 to biological
processes (Appendix Table A 3). As above, Blast2GO was used to produce a subset of
most specific terms that are displayed in Figures 1.5, 1.6, and 1.7 (C, M, and P,
respectively).

1.4.5

Testing for Positive Selection

We examined the a priori candidates as well as the DE genes for preliminary
signs of positive selection through a comparison of Mus musculus, Rattus norvegicus, and
Dipodomys spectabilis sequences to estimate ω. The values of dn, ds, and ω for each
alignment are presented in the Appendix Tables A 4 and A 5 for the a priori candidates

18
and the a posteriori candidate genes, respectively. Each fragment represents a portion of
the alignment before a stop codon was reached in the experimental D. spectabilis
sequence. The proportion of the M. musculus CDS was calculated as the length of the
alignment divided by the length of the M. musculus CDS actually used, and thus
proportions could be slightly >1 for some genes where gaps were inserted in the M.
musculus sequence during alignment. Values of ω>1 would have indicated positive
selection and divergence in the amino acid composition of the D. spectabilis sequence
from the Mus musculus and Rattus norvegicus sequences. However, all of the alignments
except for one had a ω < 1 and thus fail to show signs of positive selection over the
alignment as a whole. The one alignment with an ω>1 was slc13a1 portion 1, and even
in this case the model predicting positive selection was not significantly different from
the null model 0, thus positive selection cannot be inferred. Additionally this was a small
fragment and ω < 1 for both a second portion of the gene and the concatenated sequence
containing both fragments.

1.5

Discussion

We sought to identify genes that influence the ability of D. spectabilis to retain
water during waste production with such efficiency that it is able to survive without
drinking water. We employed a two pronged approach to achieve this goal. First, we
defined a small set of candidate genes a priori from annotation of genes previously
defined in distantly related model species. Second, we searched for differentially
expressed genes and used those overexpressed in kidney to define another set of a
posteriori candidate genes. The genes we identified in this study will form the basis for
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future comparative work examining in the role of natural selection on their sequence
evolution and expression.

1.5.1

A Priori Candidate Genes Identified via Model Species

Out of our list of 38 a priori candidate genes annotated with Renal System
Process related gene ontology terms, at least 9 a priori candidates were expressed in D.
spectabilis kidney tissue. These nine genes include several involved in water
reabsorption from kidney filtrate either through direct transport of water (Aqp2 transports
water back into the kidney from the collecting duct (Gomes et al., 2009; Ishibashi et al.,
2009)) or through transport of solutes to create a concentration gradient for further
transport of water. For instance, Slc12a3 and Slc12a1 encode solute carrier proteins that
are involved in sodium reabsorption from the distal convoluted tubule and thick
ascending limb, respectively, of the loop of Henle (Herbert 1998, 1998, Herbert et al.,
2004). As sodium is transported out of the filtrate by these channels, the surrounding
kidney tissue becomes hypertonic relative to the filtrate. This in turn drives further
transport of water out of the filtrate and back into the kidney through osmosis.
In addition to genes involved in water and solute transport, several a priori
candidates were detected that control urine output and concentration through their
interactions with other proteins in the kidney. Specifically, Slc9a3r1 is not an actual
transport protein, but it interacts with multiple proteins in the kidney, including sodiumhydrogen antiporter 3 (NHE3 which is encoded by Slc9a3) and Na-phosphate
cotransporter 2a (Npt2a) (Weinman et al., 2006; Cunningham et al., 2007). Mice without
functional copies of Slc9a3r1 have been found to have increased phosphate and uric acid
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concentrations among other symptoms (Weinman et al., 2006; Cunningham et al., 2007).
The ability of this gene’s product to interact with multiple transport proteins and the
changes in urine composition that occur in Slc9a3r1 deficient mice highlight it as an
appropriate candidate underlying osmoregulation.
Five other a priori candidate genes (Agt, Agtr1a, Cyba, Hsd11b2, and Pcsk5)
were included as candidates due to annotation with the GO term “renal system process
involved in regulation of systemic arterial blood pressure”. Some of the mechanisms for
control of blood pressure such as the renin-angiotensin system (RAS) can affect kidney
function through reduced urine production and increased sodium absorption (Peart 1965;
Hall 1986; Tamura et al., 1998; Paul et al., 2006). Angiotensinogen (product of Agt) is
cleaved by renin in the kidney to produce Angiotensin I which is then converted to
Angiotensin II by Angiotensin Converting Enzyme and binds to Angiotensin II receptor 1
(encoded by genes Agtr1a and Agtr1b in rodents, Mangrum et al., 2002) to exert its
effects (Mangrum et al., 2002; Paul et al., 2006). Among the impacts of Angiotensin II
are directly causing increased reabsorption of sodium in the proximal tubules, restricting
blood flow to affect filtration rates in the kidney, and causing the release of aldosterone
which further causes increased sodium absorption (Tamura et al., 1998; Mangrum et al.,
2002). This increased sodium absorption as a result of the RAS has long been noted to
result in decreased urine production (Peart 1965; Hall 1986).
Knockout studies in mice show that the absence of two of our a priori candidates
(Agt and Agtr1a) disrupts the ability of the RAS to increase sodium absorption. Under
similar diets, mice without a functional Agt gene produce more urine and urine with a
lower overall concentration when compared to wildtype mice that have a functional Agt
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(Tamura et al., 1998). Similarly, mice without functional Angiotensin II receptor 1a
drink more water and produce more urine than wild type mice under identical salt intake
(Mangrum et al., 2002). Our detection of these nine a priori candidate genes in D.
spectabilis confirms that our methods have indeed identified heretofore uncharacterized
genes involved in sodium reabsorption. Our data raise the possibility that salt
reabsorption, a process that is common to general kidney function, is under strict control
in D. spectabilis and is largely responsible for the increased ability of kangaroo rats to
conserve water during urine production.
We failed to detect 29 of the a priori candidate genes, but of course the absence
of evidence of the genes in our dataset is not evidence their absence from the D.
spectabilis kidney transcriptome. The apparent absence of our other 29 a priori
candidate genes may be due to several biological factors. The Heteromyidae and
Muridae diverged 60-90 mya (Adkins et al., 2003; Huchon et al., 2007; Meredith et al.,
2011) with the Timetree estimate at 78.9 mya (Honeycutt 2009). Thus, the candidate
genes we identified from murine rodents may be too divergent from the orthologous D.
spectabilis genes to identify and annotate using a strict BLAST search. Furthermore, >50%
of the contigs did not yield a significant BLAST hit from the non-redundant (nr) database.
Many of these unidentified contigs could include orthologues of murine candidate genes,
or could represent novel genes that perform similar functions. However, we chose to
employ a conservative cut-off rather than risk erroneous annotation of contigs with
paralogous sequences. Other candidate genes may have been expressed and sampled but
were represented only as singletons. Singleton reads were included only in our
expression test, and there at a conservative threshold of an e-value ≤ 1.00 x 10-10. Some
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recent transcriptome studies have utilized singleton sequence data because many are
biologically real (Meyer et al., 2009; Babik et al., 2010), but we have avoided them
because many contain sequencing errors.

1.5.2

A Posteriori Candidate Genes Identified via Differential Expression

We identified 32 genes that were overexpressed in kidney tissue relative to spleen
tissue; of these, 24 were expressed only in kidney. We used sequence read counts to
estimate relative gene expression and to identify potential a posteriori candidate genes.
Some of these genes are of interest due to their functions in the kidney (including
Slc12a1) or the function of genes with which they interact or regulate. For instance,
fxyd2 encodes the sodium/potassium-transporting ATPase subunit gamma, and although
it is not required for the sodium/potassium-transporting ATPase’s function of sodium
transport, fxyd2 can modify the activity of sodium/potassium-transporting ATPase in the
kidney (Therien et al., 1997). The a posteriori candidates also include multiple genes
involved in reabsorption of sodium in the kidney. This is of interest due to the fact that
this function was seen in many of the detected a priori genes and is the function of the
most highly expressed gene in our total kidney dataset (Slc12a1) as well. Such genes
were missed in the screening for a priori candidates either due to the lack of annotation
with a Renal system process GO term or annotation with GO terms that were too specific
to be included in the general categories we used. Their presence highlights the
importance of a strong osmotic gradient to retention of water in the kidney of D.
spectabilis.
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Figure 1.3 shows that there is a great deal of shot noise at low and medium base
mean values (which correspond to the mean number of reads from a gene across the eight
libraries). At these read count levels we could increase our signal to noise ratio through
increasing sequencing depth and thus would have greater power to detect fine scale
expression differences. However, Figure 1.3 shows that at high base mean values there is
little shot noise (area where the dashed and solid lines converge) and sufficient power to
detect significant expression differences for 59 genes from ½ plate of 454 sequencing.
The genes overexpressed in kidney tissue provide defined targets for more extensive
study and the sequences obtained in our study provide the genomic infrastructure needed
for future q-PCR or further RNA-seq experiments to test for differential gene expression
at a finer scale in this and other Heteromyid species.

1.5.3

GO Terms and Molecular Markers Present in Candidates

The GO terms overrepresented in the sequences of the a priori and a posteriori
candidate genes provide a set of annotations that are congruent with the notion that these
genes play a significant role in limiting urine output. For instance, these include terms
such as “drinking behavior” and “cellular ion homeostasis” in the overrepresented terms
for the a priori candidates. Overrepresented terms for the a posteriori data set included
several transport related terms which were absent from the a priori candidate gene
enriched terms such as “bile acid and bile salt transport”, “lipoprotein transport”, and
“sodium:potassium-exchanging ATPase complex”. Other GO terms were
overrepresented in both a priori and a posteriori candidates, including “sodium ion
transport”, “potassium ion transport”, and “sodium:potassium:chloride symporter
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activity”. The presence of these terms in both sets of candidates provides a framework
for classifying other genes present in our kidney data set that are annotated with these
terms as additional candidates and targets for further study.
The molecular markers identified in this study provide useful markers for
population genetic studies in this species. SNP and microsatellite identification has been
successfully conducted as part of several transcriptome sequencing projects using next
generation sequencing (see examples in reviews by Ekblom and Galindo 2011 and
Garvin et al., 2010). As in the studies described in those reviews, the markers identified
here are predominantly from coding sequence. Existing ‘neutral’ microsatellite markers
in Dipodomys spectabilis (Davis et al., 2000; Waser et al., 2006) provide a suitable
backdrop for population genetic comparisons among marker sets (e.g. Busch et al., 2009).

1.5.4

Testing for Positive Selection

We have performed initial tests for selection using transcriptome data, but these
estimates of ω failed to demonstrate any evidence of positive selection on the portions of
the genes tested in this study. Instead ω values were < 1 (except for one fragment of
slc13a1), which is indicative of a low proportion of non-synonymous changes and
purifying selection. The failure to detect positive selection is somewhat unsurprising as it
has been argued that pairwise and whole gene estimates of dn/ds ratios are conservative
(Nielsen 2005), and more often selection will act on individual sites within a gene (Yang
et al., 2000). For this reason many studies using dn/ds ratios and similar divergence
based tests for selection have taken advantage of codon based models (Nielsen and Yang
1998; Yang et al., 2000) which utilize a phylogenetic framework to compare multiple
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models in a likelihood ratio test to detect selection (Yang 2007). These include studies
that have utilized partial or full CDS derived from next generation sequencing data
(Brieuc and Naish 2011; Renaut et al., 2010; Künster et al., 2010). In the Brieuc and
Naish study, 15 of 152 surveyed genes showed signs of positive selection and of these
only three sequences had an ω > 1, with 9 of the genes displaying sequence wide values
of ω < .05. Therefore the possibility still exists that positive selection is acting on some
of the candidate genes identified in this study. For confident inference of selection from
such divergence tests, robust phylogenetic relationships and further taxonomic sampling
are needed (and are under way in our lab).

1.6

Conclusions and Future Directions

This project has generated more than 400,000 sequence reads that have been used
to identify the presence of expected candidate genes as well as to identify novel target
genes that may underlie the physiological adaptation of water conservation in desert
rodents. Efficient osmoregulation in D. spectabilis is no doubt influenced by behavior
and other physiological mechanisms (e.g., hormonal control). However, the genes
identified in this study—particular those which show high levels of DE and have known
functions in water or solute transport—are likely to be important drivers of evolutionary
adaptations to arid environments.
Of particular interest is Slc12a1, one of the murine candidate genes that was
identified in D. spectabilis and overexpressed in the kidney transcriptome. Mutations in
Slc12a1 cause Bartter’s syndrome in humans (Adachi et al., 2007, Herbert 1998, Simon
et al., 1996a). Among the symptoms of this disorder is a compromised ability to

26
concentrate urine (Herbert 1998). Meanwhile, mutations in Slc12a3 are responsible for
another human kidney defect, Gitelman syndrome (Simon et al., 1996b), and additional
SNP variants of Slc12a3 have been associated with susceptibility to diabetic nephropathy
(Tanaka et al., 2003). These lines of evidence underscore the likelihood that these genes
and others responsible for renal sodium and ion transport are integral to the enhanced
urine concentrating ability of Dipodomys spectabilis.
In terms of future directions, we aim to expand our analysis of osmoregulation to
include other heteromyid species from the two remaining subfamilies within this group.
These include species from wet (rainforest; Heteromys desmarestianus) and dry (desert;
Chaetodipus baileyi) environments to permit a comparative evaluation of sequence
evolution and gene expression in the kidney. The candidate and DE genes identified in
the current study will serve as a necessary starting point for our broader phylogenetic and
environmental comparison. Additionally, the spleen data (used as a reference in this
study) will allow for evolutionary comparisons of the immune response genes that are
expressed in heteromyid rodents.
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Table 1.1 List of GO terms used to identify the a priori candidate genes from Mus
musculus and Rattus norvegicus.
Gene Ontology term Accession number Candidate genes annotated with term
glomerular filtration

GO:0003094

Aqp 1, Adora 1, Ednra, Uts2r
Cacna1c, Chrna3, Chrnb2, Chrnb4,

micturition

GO:00060073
Tacr1, Kcnma1, Trpv1

regulation of urine
GO:0035809

Adrb1, Adrb2, Oxt, Avpr2

volume
Aqp 4, Aqp 1, Aqp 7, Aqp 3, Slc9a3r1,
renal absorption

GO:0070293
Hnf1a, Slc12a1, Slc12a3

renal sodium

Tacr1, Adora1, Uts2r, Agt, Agtr2, Oxt,
GO:0035812

excretion

Avpr2, Avp, Anpep, Avpr1a

renal sodium ion
GO:0003096

Slc9a3r1

transport
renal system process
Adora1, Uts2r, Cyba, Agtr1a, Agtr1b,
involved in regulation
GO:0003071

Cyp11b2, G6pd, Hsd11b2, Ren, Pcsk5,

of systemic arterial
Cyp11b3
blood pressure
renal water
GO:0003091

Aqp 4, Aqp 1, Aqp 2, Aqp 7, Aqp 3, Wfs1

GO:0003097

Aqp 4, Aqp1, Aqp 2, Aqp 7, Aqp 3

homeostasis
renal water transport
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Table 1.2 Descriptive statistics of the 10 PCAP assemblies (8 individual libraries and 2
pooled). Trimmed reads refer to the number of reads after quality control and removal of
both sequencing and cDNA synthesis primers.
Library
male 0828

Trimmed Mean read
reads
length
41538
289

Contigs Mean contig
length
5051
415

Mean contig
depth
4.87

Assembled
reads
24589

30626

307

3518

439

5.27

18523

36931

286

4325

412

5.02

21700

121204

298

12439

457

5.94

73924

230299

296

20484

464

6.51

133283

19146

277

2353

392

4.72

11102

17192

280

2071

389

5.03

10425

19752

264

1854

383

5.99

11109

147006

298

19566

433

4.46

87322

203096

292

23376

435

4.95

115653

kidney
male 0812
kidney
female 0862
kidney
female 0871
kidney
total kidney
assembly
male 0828
spleen
male 0812
spleen
female 0862
spleen
female 0871
spleen
total spleen
assembly
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Table 1.3 A priori murine candidate genes present in the pooled kangaroo rat kidney data
set.
Contigs
numbers*
4857.1

Gene
symbol
Agt

1042.1

Gene name

Reads in
contigs
5

Agtr1a

Angiotensinogen (serpin peptidase inhibitor,
clade A, member 8)
Angiotensin II receptor, type 1a

22

1069.1

Aqp2

Aquaporin 2

22

453.1

Cyba

Cytochrome b-245, alpha polypeptide

44

19505.1

Hsd11b2

Hydroxysteroid 11-beta dehydrogenase 2

2

14973.1

Pcsk5

Proprotein convertase subtilisin/kexin type 5

2

0.1,
8266.1,
8490.1,
9053.1
2746.1

Slc12a1

Solute carrier 12 (sodium/potassium/chloride
transporters), member 1

304, 3, 3, 3,
respectively

Solute carrier 12 (sodium/potassium/chloride 9
transporters), member 3
7591.1,
4, 2,
Slc9a3r1 Solute carrier family 9 (sodium/hydrogen
18299.1
exchanger), member 3 regulator 1
respectively
PCAP naming convention starts with the first contig as contig 0.1, the second contig is
1.1, and so on. We retained this convention for consistency.
Slc12a3
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Table 1.4 32 genes significantly overexpressed in kangaroo rat kidney relative to spleen.
Fold change values have been made positive to reflect higher expression relative to
spleen, in cases where there are no reads in the spleen data set for a gene, a value of ∞
has been substituted.
Swissprot
symbol
ak1c4

Gene
symbol

Gene name

Kidney read
count

Akr1C4

aldob

Aldob

all4
asb9

All4
Asb9

cs077

C19orf77

cad16
fibg
atng

Cdh16
Fgg
Fxyd2

aldo-keto reductase family 1
member C4
aldolase B, fructosebisphosphate
allergen Fel d 4
ankyrin repeat and SOCS
box protein 9
transmembrane protein
C19orf77 homolog
cadherin-16
fibrinogen gamma chain
FXYD domain-containing
ion transport regulator 2

gsta1
gsta2
itih4

Gsta1
Gsta2
Itih4

klk1
kng1
leg2
lrp2

Klk1
Kng1
Lgals2
Lrp2

mup20
nu4m

Mup20
Mtnd4

nu4lm

Mtnd4L

ph4h
pdz1i
pe2r
sal
s12a1

Pah
Pdzk1ip1
Ptgr2
Sal1
Slc12a1

s13a1

Slc13a1

s22a9

Slc22a9

s27a2

Slc27a2

ostp
st2a1
tm174
tmm27
ud17c

Spp1
Sult2a1
Tmem174
Tmem27
Ugt1a7c

udb15

Ugt2b15

glutathione S-transferase A1
glutathione S-transferase A2
inter-alpha-trypsin inhibitor
heavy chain H4
kallikrein-1
kininogen-1
galectin-2
low-density lipoprotein
receptor-related protein 2
major urinary protein 20
NADH-ubiquinone
oxidoreductase chain 4
NADH-ubiquinone
oxidoreductase chain 4L
phenylalanine-4-hydroxylase
PDZK1-interacting protein 1
prostaglandin reductase 2
salivary lipocalin
solute carrier family 12
member 1
solute carrier family 13
member 1
solute carrier family 22
member 9
very long-chain acyl-CoA
synthetase
secreted phosphoprotein 1
bile salt sulfotransferase 1
transmembrane protein 174
Collectrin
UDP-glucuronosyltransferase
1-7C
UDP-glucuronosyltransferase
2B15

log2
fold
change
∞

p-value*

184

Spleen
read
count
0

383

0

∞

0.00528

747
105

0
0

∞
∞

0.000403
0.0450

131

0

∞

0.0446

186
368
427

0
0
0

∞
∞
∞

0.00918
6.37E-05
0.00499

104
477
139

1
1
0

6.97
8.29
∞

0.0364
0.00975
0.0289

279
108
240
203

0
0
0
0

∞
∞
∞
∞

0.00148
0.0361
0.0119
0.0138

498
1536

2
27

6.97
5.07

0.00399
0.0313

296

9

3.71

0.0446

156
120
265
1137
263

0
0
0
1
1

∞
∞
∞
11.64
9.24

0.0289
0.0477
0.0130
0.000219
0.00888

123

0

∞

0.0361

250

1

9.80

0.0312

250

0

∞

0.00650

382
359
91
301
150

0
0
0
0
0

∞
∞
∞
∞
∞

0.00168
0.00455
0.0450
0.00719
0.0280

328

0

∞

0.00634

0.0230
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Figure 1.1 Scatter plot of the fold change for each gene versus the mean number of reads
across all libraries for that gene. Red dots represent genes that were significantly
differentially expressed between kidney and spleen tissue at a 5% false discovery rate.
Arrows at the top and bottom of the plot indicate genes where the fold change difference
is >15 or <-15, including values of ∞ or -∞ that result when there are 0 reads per gene in
one of the two treatments. Genes with a positive fold change value are overexpressed in
spleen tissue while genes with a negative fold change are overexpressed in kidney tissue.
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Figure 1.2 Heat map illustrating the 59 most differentially expressed genes between kidney
and spleen tissue. Sample names are listed along the bottom of the figure and gene names
are listed along the right vertical axis. Fold-change values were transformed with a
variance-stabilizing transformation to allow distance calculations for infinite fold-change
differences that result when a gene is expressed in one tissue but has zero counts in the other.
Orange is for hot or high expression, blue corresponds to cold or low expression.
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Figure 1.3 Plot displaying the variance function for kidney (K, solid red line) and spleen
(S, solid green line) treatments. The squared coefficient of variation is plotted versus the
base mean values, which is related to the mean number of reads per gene across all
libraries. The dashed lines represent the variance of all 8 individual libraries. The
difference between the dashed and solid lines is the shot noise which is indicative of
variance due to low read counts. When these converge, variation between samples is due
to biological variation.
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P: monovalent inorganic cation homeostasis
P: sodium ion transport
P: branching involved in ureteric bud…
P: cAMP-mediated signaling
P: vasoconstriction
P: activation of phospholipase C activity
P: potassium ion transport
P: positive regulation of systemic arterial blood…
P: positive regulation of cholesterol esterification
P: kidney development
P: renin-angiotensin regulation of aldosterone†
P: brain renin-angiotensin system
P: drinking behavior
P: renin secretion into blood stream
P: regulation of renal output by angiotensin
P: regulation of systemic arterial blood pressure*
P: cellular phosphate ion homeostasis
P: chloride transport
F: PDZ domain binding
F: G-protein coupled receptor activity
F: beta-2 adrenergic receptor binding
F: acetyltransferase activator activity
F: sodium:potassium:chloride symporter activity
C: apical plasma membrane

rest of kidney
data gene set
a priori
candidate gene
set

0% 10% 20% 30% 40% 50% 60%
% of sequences in subset annotated with term
Figure 1.4 GO terms that are significantly enriched in the a priori candidate data set
relative to the total kidney data set after an FDR cutoff of <.05 and after Blast2GO
filtered for the most specific terms. Bars represent the proportion of contigs in the subset
that have been annotated with the GO term, * regulation of systemic arterial blood
pressure, †renin-angiotensin regulation of aldosterone.
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eukaryotic cell surface binding
sodium:sulfate symporter activity

rest of kidney data gene set

odorant binding

overexpressed data gene set

sugar binding
bile acid transmembrane transporter activity
long-chain-fatty-acid-CoA ligase activity
calcium ion binding
drug binding
fatty acid transporter activity
sodium:potassium:chloride symporter activity
SH3 domain binding
very-long-chain-fatty-acid-CoA ligase activity
chlordecone reductase activity
glutathione binding
pristanate-CoA ligase activity
phytanate-CoA ligase activity
3-alpha-hydroxysteroid dehydrogenase*
bile-salt sulfotransferase activity
peptidyl-dipeptidase activity
lipoprotein transporter activity
ion channel activity
glucuronosyltransferase activity
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Figure 1.5 Most specific Biological Process GO terms that are significantly enriched in
the overexpressed data set relative to the total kidney data set after an FDR cutoff of <.05
and after Blast2GO filtered for the most specific terms. Bars represent the proportion of
contigs in the subset that have been annotated with the GO term. * mitochondrial electron
transport, NADH to ubiquinone.
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Figure 1.6 Most specific Molecular Function GO terms that are significantly enriched in
the overexpressed data set relative to the total kidney data set after an FDR cutoff of <.05
and after Blast2GO filtered for the most specific terms. Bars represent the proportion of
contigs in the subset that have been annotated with the GO term. * 3-alphahydroxysteroid dehydrogenase (B-specific) activity
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Figure 1.7 Most specific Cellular Component GO terms that are significantly enriched in
the overexpressed data set relative to the total kidney data set after an FDR cutoff of <.05
and after Blast2GO filtered for the most specific terms. Bars represent the proportion of
contigs in the subset that have been annotated with the GO term
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CHAPTER 2.
NATURAL SELECTION AND THE GENETIC BASIS OF
OSMOREGULATION IN HETEROMYID RODENTS AS REVEALED BY RNA-SEQ

Nicholas J. Marra, Andrea Romero, J. Andrew DeWoody (2014) Natural selection
and the genetic basis of osmoregulation in Heteromyid rodents as revealed by RNA-seq.
In prep.

46
2.1

Abstract

The study of classical adaptations in species that lack genomic resources is now
possible with new technologies. One such adaptation of ecological and evolutionary
interest is the extraordinary ability of desert rodents to retain water during waste
production. Much is known regarding the unique kidney physiology of kangaroo rats
(Dipodomys sp.) and their ability to retain water during waste production, yet the genetic
basis of these physiological adaptations is relatively unknown. Herein, we utilized RNAseq data to conduct a comparative study to identify osmoregulatory genes expressed in
Heteromyid rodents. We sequenced kidney tissue from two temperate desert species
(Dipodomys spectabilis and Chaetodipus baileyi) from two separate subfamilies of the
Heteromyidae and compared these transcriptomes to a tropical mesic species (Heteromys
desmarestianus) from a third subfamily. The evolutionary history of these subfamilies
provided a robust phylogenetic control that allowed us to separate shared evolutionary
history from convergence. Using two methods to detect differential expression (DE), we
identified 1,890 genes that showed consistent patterns of DE between the arid and mesic
species. A three-species reciprocal BLAST analysis revealed 3,511 sets of putative
orthologues that, upon comparison to known Mus musculus EST sequences, revealed 786
annotated genic regions. Selection tests displayed strong evidence of positive selection
(dn/ds > 1) on 86 genes in the two desert species, and roughly 10% of these genes were
DE in both desert species compared to the mesic species. Thus, our data suggest that
both the coding sequence and expression of these genes have been shaped by natural
selection to provide the genetic architecture for efficient osmoregulation in Heteromyid
rodents.
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2.2

Introduction

Natural selection may be particular strong in extreme environments such as
deserts. Desert species are forced to store water and/or limit water loss, and animals have
adapted to life in xeric habitats through a plethora of behavioral and/or physiological
adaptations (Lillywhite and Navas, 2006; Lillywhite, 2006; Schmidt-Nielsen and
Schmidt-Nielsen, 1950, 1952; Schmidt-Nielsen, 1964). The dire consequences of water
loss in the absence of available drinking water place strong selective pressures on the
maintenance of these adaptations. These selective pressures should result in distinct
molecular signatures (e.g., sequence divergence, transcriptional regulation, etc.) on genes
underlying such adaptations (Nielsen, 2005).
Rodents in the family Heteromyidae are an ideal group in which to examine the
evolution and expression of genes responsible for one key adaptation to desert life:
efficient osmoregulation through water retention during waste production (MacMillan
and Hinds, 1983; B. Schmidt-Nielsen et al., 1948). This family of new world rodents is
organized into three subfamilies that range from the xeric Chihuahuan desert of the
southwestern United States and northern Mexico down through the mesic Caribbean
lowlands of central America (Alexander and Riddle, 2005; Hafner et al., 2007). Two of
the subfamilies, the Dipodomyinae (kangaroo rats and kangaroo mice, Dipodomys sp. and
Microdipodops sp., respectively) and the Perognathinae (pocket mice, Chaetodipus sp.
and Perognathus sp.) are generally distributed in temperate xeric habitats whereas the
third subfamily Heteromyinae (Heteromys sp.) is generally distributed in tropical mesic
habitats (Alexander and Riddle, 2005; Anderson, 2003).
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The kangaroo rats (Dipodomys sp.) have long been noted for their ability to
survive in xeric habitats and serve as textbook examples of a species capable of
extraordinary water conservation (Solomon et al., 2003). Some species, such as
Dipodomys spectabilis, have developed behavioral adaptations of fossorial denning and
nocturnal activity (Best, 1988; Holdenried, 1957; Schmidt-Nielsen and Schmidt-Nielsen,
1950; Vorhies and Taylor, 1922) to limit water loss but the most striking adaptation
exhibited by this species and its congeners is the ability to limit water loss during waste
production and excretion (Schmidt-Nielsen, 1948; B. Schmidt-Nielsen et al., 1948;
Schmidt-Nielsen and Schmidt-Nielsen, 1952). Various classical comparative studies
with other rodents have shown that kangaroo rats produce extremely concentrated urine
and as a result can survive for extended periods on dry diets without drinking water
(Schmidt-Nielsen, 1952; K Schmidt-Nielsen et al., 1948a; K Schmidt-Nielsen et al.,
1948b). Anatomical studies of renal physiology revealed that kangaroo rats have an
elongated loop of Henle (Issaian et al., 2012; Urity et al., 2012; Vimtrup and SchmidtNielsen, 1952) relative to their body size, a trait associated with mammalian urine
concentrating ability (Al-kahtani et al., 2004; Beuchat, 1996). Similar adaptations and
ability to produce highly concentrated urine are seen in desert adapted species of the
Perognathinae, including Chaetodipus baileyi (formerly Perognathus baileyi),
Chaetodipus penicillatus, and Perognathus amplus (Altschuler et al., 1979; Howell and
Gersh, 1935; MacMillen and Hinds, 1983). The water-conserving behaviors and
extraordinary kidney physiologies common to desert-dwelling Heteromyids could
represent ancestral character states (MacMillan and Hinds, 1983), but they may also be
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examples of convergent evolution as these subfamilies are paraphyletic with respect to
one another (Hafner et al. 2007; Figure 2.1).
Comparative evolutionary approaches (Harvey and Pagel, 1991) have the power
to address whether interspecific differences are the result of neutral divergence over
evolutionary history or whether they are the result of adaptation to different conditions
(or similar non-random processes). In the current context, patterns of gene expression
and sequence evolution for related species can be compared among environmental
conditions. Thus, the shared evolutionary history of the study species serves as a control
for the hypothesis that differences in sequence evolution and gross patterns of gene
expression are driven by selection in response to environmental conditions. It is now
feasible to sequence transcriptomes for tissues relevant to the adaptation of interest. Such
experiments can identify candidate genes responsible for the evolutionary adaptation(s)
while simultaneously providing the molecular resources for further laboratory
experiments to explore the mechanistic effects on an adaptive phenotype (Ekblom and
Galindo, 2011; Hudson, 2008).
In order to identify genes integral to efficient osmoregulation in desert
Heteromyids, we employed RNA-sequencing on 4 individuals from each of three
Heteromyid species (Dipodomys spectabilis, Chaetodipus baileyi, and Heteromys
desmarestianus). This sampling scheme allowed us to compare two desert species
(Dipodomys spectabilis and Chaetodipus baileyi) with a mesic species (Heteromys
desmarestianus) in a phylogenetically informative context. These three subfamilies
differentiated from one another roughly 21-23 mya, with the Dipodomyinae sister to a
Perognathinae/Heteromyinae clade (Hafner et al. 2007; Figure 2.1). We predicted that
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adaptations due to convergent evolution would be characterized by patterns of gene
expression and sequence evolution shared between the two desert species to the exclusion
of the mesic species.

2.3
2.3.1

Methods

Sample Collection

We collected four individual D. spectabilis using modified Sherman traps at a
field site near Portal, AZ in December 2009 (see Marra et al. 2012 for trapping and
collection details); four C. baileyi were collected from the same locale in December
2011. For each of these species we trapped two reproductively mature individuals of
each sex and inspected each female to ensure that none were pregnant. Four H.
desmarestianus were collected from tropical rain forest habitat within the La Selva
Biological Station in the lowlands of northern Costa Rica in June 2010. These
individuals were also mature adults and included three females and one male individual.
Additional trapping effort failed to capture an additional male and none of the females
used were pregnant. All 12 individuals were euthanized according to approved Purdue
Animal Care and Use protocols, and tissue was harvested via dissections. Tissue was
minced immediately and frozen in TRIzol® reagent (Invitrogen) prior to transport back to
Purdue University.
Precipitation in southeastern AZ near Portal, AZ, was less than about 50 mm in
both December, 2009, and December, 2011, according to observed precipitation data
from historical precipitation maps on the National Weather Service website
(http://water.weather.gov/precip/index.php). This is slightly higher than the mean but
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within the standard deviation of average December precipitation as recorded for Portal,
AZ by the Western Regional Climate Center from 1914-1955
(http://www.wrcc.dri.edu/cgi-bin/cliMONtpre.pl?az6706). According to that survey,
average annual precipitation for the area is 441.20±123.70 mm of rainfall. Conversely, in
June, 2010 (the time of sampling H. desmarestianus) La Selva Biological Station
received 349.8 mm of rainfall, more than half of Portal’s annual precipitation, and
receives a long term mean annual rainfall of 4,351.6 mm (data from
http://www.ots.ac.cr/meteoro).

2.3.2

RNA Extraction and Sequencing

Total RNA was extracted from kidney using TRIzol® reagent (Invitrogen)
according to manufacturer instructions. Each RNA sample was further cleaned and
purified using RNA Clean and Concentrator columns (Zymo Research). The quality of
each RNA sample (n = 12; 3 species x 4 individuals per species) was checked on an
Agilent 2100 Bioanalyzer chip to verify all samples had RIN scores >7. Each sample
was used to create a uniquely barcoded library with the TruSeq RNA prep kit to create
2x100 bp paired end libraries. All 12 barcoded libraries were pooled and sequenced with
an Illumina HiSeq 2000 along with 12 spleen libraries (to look at differences between
these species in immunity related genes, Marra et al. in prep). All 24 libraries were
sequenced together in two separate lanes with all libraries sequenced in each run to
prevent differences from technical replicates. We also conducted one-half plate of 454
sequencing for D. spectabilis (Marra et al., 2012) and H. desmarestianus kidney samples.
For pyrosequencing cDNA was synthesized using the ClonTech SMART cDNA
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synthesis kit (Zhu et al., 2001) with a modified CDS III/3’ primer (Eo et al., 2012; Hale
et al., 2009; Marra et al., 2012).

2.3.3

Transcriptome Asemblies

454 reads from D. spectabilis and H. desmarestianus were trimmed to remove
adaptor sequences and cDNA synthesis primers (Marra et al., 2012); Illumina reads were
processed to remove adapters and low quality reads. Reads were sorted according to
barcode into each of the individual samples and pooled per individual across the two
Illumina runs. The web-based platform for the program DeconSeq (Schmieder and
Edwards, 2011) was used to screen for and reduce representation of reads with high
similarity to rRNA (i.e., reads which mapped to the 18s rRNA database with a minimum
overlap of 60% and >80% similarity) in order to improve de novo assembly (see Figure
2.2 for general workflow of how sequences were treated).
A de novo reference transcriptome was constructed for each species by pooling
the conspecific libraries. The Illumina reads from these species pools were then
assembled using the Trinity assembler (Grabherr et al. 2011 see Table 2.1 for versions of
programs used herein, default settings). Rather than assemble both 454 and Illumina data
in Trinity, we followed the suggestion of Purdue University’s Bioinformatics core (Jyothi
Thimmapuram, personal communication) to first fragment the Trinity contigs into ≤ 1 kb
segments using a Perl script obtained from
http://www.clarkfrancis.com/blast/fragblast.html. Subsequently, we combined Illumina
fragments with the trimmed 454 reads using the software gsAssembler and as a result
utilized the quality score information from both types of data for assembly.

[The
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fragmentation was performed because gsAssembler poorly assembles sequences ≥2 kb
per the program’s documentation (Roche/454, Branford, CT, USA).] The C. baileyi
Illumina data was subjected to the same assembly/fragmentation/assembly pipeline
(albeit without 454 data) to ensure that all species were analyzed similarly. Putative gene
annotations were assigned to the reference contigs via BLASTx (Altschul et al., 1990)
using the BLASTER tool (Thompson and Raub, 2013) using e < 1 x 10-6 as a quality
threshold (Eo et al., 2012). These annotated contigs, comprised of reads from multiple
individuals, collectively constitute transcriptomes for each species.
Previously, we used 454 data to identify the presence of candidate osmoregulatory
genes expressed in the D. spectabilis kidney transcriptome, but had little power to test for
differences in expression or patterns of selection (Marra et al., 2012). To explore
phylogenetic and environmental contrasts in candidate gene expression or evolution, we
used the BLASTx annotation of the combined Illumina/454 assembly from the SwissProt database and the gene expression data set to evaluate the presence of 38 candidate
genes.

2.3.4

Test for Differential Expression (DE)

The Illumina reads for each individual library were mapped back to the
appropriate transcriptome using Bowtie (Langmead et al., 2009). This was run within the
program RSEM (Li and Dewey 2011) to estimate the number of reads mapped to each
contig. We obtained read counts from each individual (n=4) for each species and
required each gene to have at least ten reads from at least three individuals per species;
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we removed all genes that did not meet this criteria. These read counts were
subsequently used in our gene expression analyses.
Differential expression between the three species was evaluated using the
programs DESeq (Anders and Huber, 2010) and edgeR (Robinson et al., 2010), which
tested for significant differences between the mean read counts for each species. These
programs control for differences between library sizes through linear scaling and model
the RNA-seq count data with a negative binomial distribution. Differentially expressed
genes were identified after a correction for false discovery rate (FDR, Benjamini and
Hochberg, 1995). A variety of methods have been developed to test for differential
expression using RNA-seq data and recently the performance of these programs has been
evaluated with a variety of simulated and empirical data sets (Soneson and Delorenzi,
2013). We used DESeq (because of its conservative performance) coupled with the
program edgeR, which has greater power of DE detection than DESeq (at the cost of a
slightly elevated false positive rate). Thus, sequences identified by both DESeq and
edgeR are most likely to be truly DE (Soneson and Delorenzi, 2013).
For each DE analysis we conducted all three pairwise tests (C. baileyi vs. H.
desmarestianus; D. spectabilis vs. H. desmarestianus; and C. baileyi vs. D. spectabilis).
The first two tests are both environmental contrasts and thus the genes that are
consistently DE in both of these tests are the genes of interest (i.e., genes that are DE
between environmental conditions rather than between phylogenetic lineages).
Conversely, the last test is a phylogenetic contrast.
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2.3.5

Test for Positive Selection

Putative orthologues were identified across the three species through a reciprocal
best BLAST analysis. We filtered to retain contigs that were the best reciprocal BLAST
hit across all six BLAST searches for further analysis. Additionally, we required that the
three contigs shared the same preliminary gene annotation from the preliminary
annotation of the reference transcriptomes (see above in Tests for Differential
Expression). We further required that all putative orthologues had the same hit to the
Mus musculus EST database during a BLASTn search with a cutoff of e-value < 1 X 10-9.
All contigs were evaluated with the online tool Virtual Ribosome (Wernersson 2006) and
discarded if their largest reading frame was <189 nucleotides to minimize the chance that
selection tests were inappropriately applied to short gene fragments. This cutoff was
used to avoid inclusion of false open reading frames assuming that for a given stretch of
sequence, the number of stop codons would follow a binomial distribution (Mattila et al.,
2012). Following the calculations of Mattila et al.(2012, at a length of 189 bp there
would be a 5% chance of obtaining a spurious ORF (see Mattila et al., 2012 and
derivation therein). The 5’ end of all three species contigs were trimmed to the start
coordinates of their BLASTn hit to the Mus musculus EST before all three species
contigs and the Mus ESTs were aligned in MUSCLE v. 3.6 (Edgar, 2004).
The MUSCLE alignments were used to test for selection along the two desert
lineages (D. spectabilis and C. baileyi) relative to the mesic lineage H. desmarestianus.
This was done using the codeml program in PAML 4.7 (Yang, 2007, 1997). As a guide
tree, we constructed a four taxon tree using cytochrome c oxidase subunit I (COI)
sequences from Hafner et al. (2007) for the Heteromyids (GenBank accession numbers:
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EF156845.1, EF156850.1, EF156856.1) and the COI sequence from the Mus musculus
mitochondrial genome (GenBank accession: NC_005089.1). We allowed the branch
lengths to be estimated by codeml for each alignment.
In order to identify cases of positive selection, indicated by an elevated ratio of
nonsynonymous to synonymous changes (dn/ds ratio or ω), we conducted two separate
analyses with codeml, each comparing a model where ω is allowed to vary vs. a null
model. In the first comparison we tested Model (M) 1 where ω varies across all branches
vs M0 where ω is estimated as one value for the entire tree. In the second comparison,
we tested M2a with two values estimated for ω (one for marked branches of interest and
one for background/remaining branches) vs. an alteration of M2b where ω is fixed to 1
for the marked branches. This second comparison corresponds to an alteration of the
branch-site test of positive selection described in and suggested by the PAML manual
and previously tested (Yang and Nielsen, 2002; Yang et al., 2005; Zhang et al., 2005).
For M2a we assigned a separate rate for the two desert lineages (D. spectabilis and C.
baileyi) and a separate rate for the remaining branches of the tree. Positive selection was
indicated by an ω > 1 and a significant difference between the tested and null models as
indicated by a Likelihood Ratio Test (LRT). To assess significance we obtained a pvalue for each LRT from the Chi-Square distribution and then adjusted for multiple
testing by applying a Benjamini-Hochberg correction (Benjamini and Hochberg, 1995)
for false discovery using the p.adjust function in R. Genes were identified as significant
if they had an adjusted p-value (padj) < .05.

57
2.4
2.4.1

Results

Sequencing, Assembly, and Annotation

Following quality control measures (e.g., adaptor and cDNA primer trimming),
we acquired 199,171,132 paired-end Illumina reads (each 100 bp in length for a total of
398,342,264 reads) and 358,692 reads from the 454 (mean 275 bp in length; Table 2.2).
The reference transcriptomes for each species were very similar in terms of contig
number and length (Table 2.3); roughly 11,000 genes were identified for each species.
The number of gene annotations unique to a species ranged from 620-928 (Table 2.3).

2.4.2

Differential Expression (DE)

For the two environmental contrasts between desert and mesic species (C. baileyi
vs. H. desmarestianus and D. spectabilis vs. H. desmarestianus), DESeq identified 3,181
and 3,713 genes (respectively) that were DE after FDR (Benjamini-Hochberg correction)
at a level of padj< .05. Of these, 1,897 genes were common to both comparisons. Only
271 (14.3%) of these exhibited inconsistent expression patterns whereas 841 (44.3%)
were upregulated in both desert species and 785 (41.4%) were downregulated in both
desert species.
The edgeR analysis identified a total of 3,097 genes that were significantly DE in
both desert species relative to the mesic species. Of these 1,314 (42.4%) were
consistently upregulated and 1,158 (37.4%) were consistently downregulated in the desert
species relative to the mesic species. When both DESeq and EdgeR results were
considered together, we identified 1,890 genes that were DE between both desert species
and the mesic species (Figure 2.3).
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2.4.3

Selection Tests

After our initial three separate 2-way reciprocal best BLAST hit searches, 3,511
contigs remained per species that 1) were present in and the reciprocal best hit for the
other species and 2) either shared the same preliminary annotation or had no BLASTx hit
in the swissprot database. Of these, 893 (25% of the reciprocal best BLAST hit
‘orthologues’) lacked BLAST annotations and were removed from subsequent analyses.
These genes could be true protein coding genes that lack annotated protein sequence in
the Swiss-Prot database or could be Heteromyid specific, but there is a possibility that
they are un-translated transcripts or non-coding RNA. Due to this latter possibility these
893 genes were removed as a conservative filter. The remaining 2,618 sets were further
filtered by requiring a common hit to the Mus musculus EST database and an open
reading frame (ORF) of 189 bp (to prevent inclusion of false ORFs, see methods) before
a nucleotide alignment in MUSCLE. This yielded 786 separate alignments (of D.
spectabilis, C. baileyi, H. desmarestianus, and M. musculus) for analysis in PAML as
candidates for selection.
M1 significantly departed from M0 (padj<.05, df=4) for 246 of these 786 genes
(31.3%), indicating that a model where ω is allowed to vary fits the data better than one
where ω is fixed for the entire tree. Among this subset of 246, there were 116 genes
where ω>1 for both the branch leading to D. spectabilis and the branch leading to C.
baileyi. For 397 of the 786 genes (50.5%), M2a was significantly better than M2b with
an ω > 1 (padj<.05, df=1) at a proportion of their sites for the desert lineages. As
mentioned earlier this latter test identifies whether a different value for ω should be used
for specific user-defined branches than the ω for the rest of the tree. In this case we
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tested whether a model with a different ω for the D. spectabilis and C. baileyi branches
was better than one where the ω was for these branches was held to the neutral value of 1.
Of these 397 genes, 86 were also significant in the M1 vs. M0 test. This subset of 86
genes has the greatest evidence of positive selection in the desert species since they best
fit a model where ω is allowed to vary and where evidence of positive selection is present
on the branches leading to the desert species.

2.4.4

A Priori Candidates

In our combined 454/Illumina assembly we identified 21 of the 38 genes selected
by Marra et al. (2012) as a priori candidate genes (Table 2.4). Seventeen of these genes
were expressed in all three species and seven were found to be significantly DE between
the two desert species and the mesic species using both DESeq and edgeR. When we
relaxed the criteria to include only the edgeR analysis, an additional gene (slc12a3) was
found to be significantly upregulated in the desert species. Despite the presence of 17
candidates in the overall dataset, none of the 38 a priori candidates were among the genes
in the filtered 786 gene dataset for the selection tests. The general absence of several of
these genes could be due to several factors including expression at a different time in
development, temporal fluctuations in expression, or short sequence for one or more of
the species that could have resulted in the gene being filtered from further analysis.

2.5

Discussion

Increasingly, studies seek to identify genes that show signatures of natural
selection when attempting to tease apart the genetic forces shaping adaptations and
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population genetic differences (Nielsen, 2005; Sabeti et al., 2006). Indeed many of the
cases where positive selection has been detected involve ecologically or evolutionarily
important genes (Ford, 2002; Nielsen, 2005; Sabeti et al., 2006). These include genes
involved in disease response (Bamshad and Wooding, 2003; Barreiro and QuintanaMurci, 2010), host-parasite interaction (Endo et al., 1996), metabolic genes (Tishkoff et
al., 2001), and reproductive proteins (Swanson and Vacquier, 2002). Such genes
experience intense selective pressure and as a result amino acid changes (nonsynonymous mutations) are maintained by selection for functional diversity. Further,
studies of molecular evolution have led to greater understanding of several adaptive
phenotypes such as the genetic mechanisms of coat color variation in several species
(Nachman, 2005; Stinchcombe and Hoekstra, 2008). Metabolism, coloration, and disease
response can be subject to intense selective pressures that drive genetic and phenotypic
changes. Similarly efficient osmoregulation is a trait under intense selective pressure for
species such as kangaroo rats that inhabit arid areas and has been of historical interest in
studies of kidney morphology and physiology (Howell and Gersh, 1935).
Efficient osmoregulation and waste production in kangaroo rats was the focus of
pioneering anatomical studies that detailed unique aspects of their kidney physiology
(Howell and Gersh, 1935; Schmidt-Nielsen, 1952; Vimtrup and Schmidt-Nielsen, 1952).
However, there has been recent interest in the underlying genetic basis of their efficient
osmoregulation and gene expression within their elongated loops of Henle (Issaian et al.,
2012; Marra et al., 2012; Urity et al., 2012). Some of these studies employed histology
and immunofluorescence to study the deposition of specific proteins to identify the
expression patterns of various aquaporins and solute channels in the loop of Henle of
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Merriam’s Kangaroo rat, Dipodomys merriami (Issaian et al., 2012; Urity et al., 2012).
These results were compared with the patterns observed in distantly related rodents
(Rattus norvegicus and Chinchilla chinchilla). While such studies are informative in
regards to overall structural differences in the kangaroo rat relative to other rodents, the
long evolutionary divergence (and uncertain phylogenetic relationships) among these
species clouds the picture of selective pressure on individual sequences. Thus, we took
advantage of evolutionary history and distribution to gain insight on the impact of aridity
as a selective pressure shaping sequence evolution and gene expression in kidney tissue
of Heteromyid rodents.

2.5.1

Differential Expression (DE)

We utilized two different statistical packages to identify genes that consistently
exhibited DE. We employed a conservative approach through the use of two separate
expression tests and a strict filtering criterion to remove genes with low or no counts in
any of our three species. While we are confident in the finding of DE for these genes, it
is possible that the genetic basis of osmoregulation in this group is driven by genes that
have little to no expression in the mesic species. These genes would have been missed by
our analysis due to filtering prior to testing for DE and could be major players in efficient
osmoregulation, but we chose a conservative approach herein owing to relatively
moderate sequencing depth. Our sequencing effort yielded an average library size of
32,856,266 reads, however, only moderately expressed genes can be reliably detected at
this sequencing depth (Trapnell et al., 2010). Thus we took a conservative approach of
eliminating genes with apparent absent expression from consideration. This should avoid
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false positives (i.e., the erroneous conclusion of DE), but may be subject to false
negatives as it reduces our ability to identify binary (on/off) expression.
A recent comparison of statistical packages found that edgeR had greater power to
detect DE than DESeq (Soneson and Delorenzi, 2013), and this is consistent with our
data as we found DE in 1207 genes according to edgeR but not DESeq (Figure 2.3).
Considering the D. spectabilis candidates (from Marra et al. 2012) that were present in
the current multispecies dataset, both approaches detected DE in seven genes.
Interestingly, one of the candidate genes that is upregulated in the desert species is Ednra,
which is a receptor for endothelin 1 and has been hypothesized to be involved in control
of ion balance in the gills of killifish, Fundulus heteroclitus (Hyndman and Evans, 2007).
The other candidate that is consistently upregulated in the desert species and identified by
both methods is Adora 1, adenosine A1 receptor. This gene encodes a receptor for the
hormone adenosine and when activated plays a role in regulating salt levels, glomerular
filtration rate, and fluid in the kidney (Vallon and Osswald, 2009).
One consistent result observed here in our expression data and in previous work is
the highlighted the importance of transport proteins in the kidney. Marra et al. (2012)
highlighted the expression of another solute carrier protein (Slc12a1), which is a
sodium/potassium/chloride transporter, in characterizing the initial kidney transcriptome
of D. spectabilis. There is insufficient evidence for DE of slc12a1 in our current dataset,
but we have strong evidence of DE for another member (slc12a6) of this gene family and
of DE for at least 34 genes that belong to various other solute carrier gene families. If we
examine the edgeR results, one of the candidates that was upregulated was another
sodium/chloride transporter, slc12a3. This gene is involved in ion transport and helps
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establish the concentration gradient necessary for renal efficiency. In humans, mutations
in this gene result in Gitelman syndrome where the kidney has reduced ability to reabsorb
salt (Hebert et al., 2004; Simon et al., 1996). It is important to note that there are 43
different solute carrier protein gene families that are involved in transport of a wide range
of ions, amino acids, several classes of sodium transporters, and urea transporters (A.
Hediger et al., 2013; Hebert et al., 2004; Hediger et al., 2004). Additionally, there is an
apparent overrepresentation of genes with gene ontologies associated with the transport
of solutes in the kidney transcriptome of D. spectabilis (Marra et al., 2012). Collectively,
this evidence suggests that solute carrier proteins play a significant role in the
osmoregulatory capacity of desert rodents, and that evolution has shaped expression of
these gene families.
Renal morphology and function driving efficient osmoregulation may be in by
changes during development or in response to seasonal changes. Indeed there is some
evidence of seasonal changes in urine concentrating ability and cases of both fluctuating
and constant expression of aquaporin water channels from South American rodents
(Bozinovic et al., 2003; Gallardo et al., 2005). However, given our comparative
framework we sought to minimize the effects of different developmental stages and
temporal sampling in order to increase our sample size and power to detect DE between
species. Indeed, we identified a large number of genes (1,890) that exhibit strong
differences in gene expression between adults of arid adapted species relative to mature
individuals of a related species that were not experiencing significant water stress. These
genes warrant further study in systems where water availability can be temporally altered
and individuals can be captively bred and observed since Heteromyids are generally not
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amenable to captive breeding (Eisenberg, 1963). Such studies could confirm the role of
DE in these genes and perhaps additional genes in determining efficient osmorgulation.

2.5.2

Selection Tests

We identified orthologous genes by identifying sequences with best reciprocal
BLAST hits, shared annotations, common hits to the M. musculus ESTs, and long open
reading frames (>189 bp). We then used two likelihood ratio tests to identify dn/ds ratios
indicative of selection, considering the phylogeny of these rodents, and detected positive
selection in 86 genes (nearly 11% of the putative orthologues). The inference of positive
selection on these 86 candidates must be tempered for alignments where the value of ω is
potentially inflated due to short branch lengths. As a result we added an additional filter
for only those genes that had 189 sites present (the same length used above to filter out
sets of orthologues before alignment, see above) and retained 80 genes that had strong
signs of selection and of appropriate length. We feel that these represent strong evidence
of selection due to the length filtering and requirement of evidence for selection across
our two tests. The proportion of orthologues subject to positive selection in our study
(10.1%) falls within the range seen in other studies looking for positive selection across a
large section of the genome using divergence based methods (e.g. 6% in Brieuc and Nash
2011, 8% in Anisimova et al 2007, and 20% in Clark et al 2003). These 80 candidates
provide an interesting set of genes for further investigation.
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2.5.3

DE and Selection

We conservatively identified 1,890 genes that were consistently DE in the two
desert species relative to the mesic species. Of these 1,890; 107 (5.7%) were identified as
orthologues and 8 show evidence for selection across both selection tests in the two
desert lineages (Table 2.5). Of these, 4 of the genes were consistently upregulated in the
desert species and 4 were consistently downregulated in the desert species. Among the 8
genes that have strong signs of selection in the desert species there does not appear to be
any genes that have a clear gene function associated specifically with kidney function,
solute or water transport, or other biological processes associated with waste excretion.
This does not, however, preclude a possible indirect role in osmoregulation, but rather
merits further study as to whether mutations in these genes result in altered urine
concentrating ability. With that said, it is possible that control of gene expression and
hormonal controls could drive urine concentrating ability in desert adapted Heteromyids
with other selective pressures driving the patterns observed in the selected genes herein.
While we have identified a small number of genes that are both under selection
and DE between desert and mesic species, it is entirely possible for DE and selection play
separate roles in the genetic basis of osmoregulation. The DE of the 1890 genes
identified here may drive differences in various renal functions through fluctuating levels
of important proteins such as solute carrier proteins while selection may drive functional
differences in other genes with constant expression levels. Further temporal and
functional studies are needed to further tease apart the respective roles of DE and
selection in genes identified by these respective analyses.
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2.6

Conclusions and Future Directions

With this comparative work we have narrowed down the list of targets for genes
involved in efficient osmoregulation from about 11,000 genes expressed in the kidney of
each species to a manageable subset that exhibit strong differences between arid and
mesic species. The evolutionary patterns of expression at slc genes and hormone
receptors such as Adora 1 considered in concert with natural selection on the collection of
8 genes identified herein with patterns of DE and selection may speak to broader
molecular evolutionary processes. Theories of adaptation commonly state that
phenotypes are the result of an interplay among genes of both small and large effect (Orr
and Coyne, 1992; Orr, 2005). The large number of DE genes we observed (n=1,890) and
large percentage of genes under selection (~10%) suggest that osmoregulation in
Heteromyid rodents has a similarly complex genetic basis. We predict that orthologues
of the 8 genes in Table 2.5 are likely important in mammalian kidney function. Indeed,
deleterious mutations in these genes could contribute to congenital renal dysfunction.
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Table 2.1 List of programs used throughout the paper with a brief description of their
function.
Program
Version
Use
Citation
DeconSeq

0.4.1

read filtering and processing

(Schmieder and
Edwards, 2011)

Trinity
gsAssembler

trinityrnaseq- de novo assembly of Illumina

(Grabherr et al.,

r2013-02-25

reads

2011)

2.6

de novo assembly of Illumina

Roche/454 manual

and 454 reads
BLASTER
Bowtie
RSEM

1.4.3
1.0.0
1.2.0

implemented blastx, blastn,

(Thompson and

tblastn

Raub, 2013)

paired end read mapping

(Langmead et al.,

implemented in RSEM

2009)

uses bowtie and maximum

(Li and Dewey,

likelihood approaches to map

2011)

reads to a scaffold and give the
number of reads that map to a
sequence
DESeq
edgeR
Virtual

1.14
3.2.4
1.1

Ribosome

uses read counts to test for

(Anders and

differential expression

Huber, 2010)

uses read counts to test for

(Robinson et al.,

differential expression

2010)

screen sequences for longest

Wernersson 2006

open reading frame

MUSCLE

3.6

multiple sequence alignment

PAML

4.7

Package of programs for analysis (Yang, 2007,
of protein and DNA sequences
using maximum likelihood based
methods

(Edgar, 2004)
1997)
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Table 2.2 Descriptive statistics from combined 454 and Illumina DNA sequencing runs
of three Heteroymid rodents. Illumina reads are paired-end data (2 x 100 bp). N/A, not
applicable (i.e., we did not collect 454 data from C. baileyi).
Dipodomys
Heteromys
Chaetodipus baileyi
spectabilis
desmarestianus
454 reads
230,299
128,393
N/A
mean 454 read
296 bp

238 bp

N/A

41,878,276

51,837,070

105,455,786

2 x 100 bp

2 x 100 bp

2 x 100 bp

length
Illumina paired
reads
Illumina read length
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Table 2.3 Summary of combined 454/Illumina assembly and annotation for DE analysis

# of contigs
mean contig length
Number of gene
annotations
Annotated genes unique
to the species

Dipodomys
spectabilis
40,478
1,028 bp

Heteromys
desmarestianus
35,897
1,199 bp

Chaetodipus
baileyi
34,403
1,384 bp

10,910

11,161

11,380

620

660

928
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Table 2.4 List of the a priori candidate genes from Marra et al. 2012 identified in the
combined assemblies of Illumina and 454 data.
SwissPresent
Present in
Present in H.
Prot
Gene Name
in C.
D.
desmarestianus
Symbol
baileyi
spectabilis
aa1r++
adenosine A1 receptor
yes
yes
yes
adrb2
adrenergic receptor, beta 2
yes
yes
yes
alanyl (membrane)
ampn**
yes
yes
yes
aminopeptidase
aqp1
aquaporin 1
yes
yes
yes
aqp2
aquaporin 2
yes
yes
yes
aqp3
aquaporin 3
yes
yes
no
aqp4
aquaporin 4
no
no
yes
aqp7**
aquaporin 7
yes
yes
yes
arginine vasopressin
v1ar
yes
yes
yes
receptor 1a
arginine vasopressin
v2r**
yes
yes
yes
receptor 2
calcium channel,
cac1c
voltage-dependent, L type,
yes
no
no
alpha 1C subunit
cholinergic receptor,
acha3
nicotinic, alpha polypeptide yes
no
yes
3
ednra++
endothelin receptor type A
yes
yes
yes
glucose-6-phosphate
g6pd**
yes
yes
yes
dehydrogenase
hnf1a
HNF1 homeobox A
yes
yes
yes
proprotein convertase
pcsk5
yes
yes
yes
subtilisin/kexin type 5
Ren
renin 1 structural
yes
yes
yes
solute carrier 12
s12a1
(sodium/potassium/chloride yes
yes
yes
transporters), member 1
solute carrier 12
s12a3+
(sodium/potassium/chloride yes
yes
yes
transporters), member 3
transient receptor potential
trpv1
cation channel, subfamily
yes
yes
yes
V, member 1
Wolfram Syndrom
wfs1**
yes
yes
yes
1 homolog
**Downregulated in both desert species according to both DESeq and edgeR
++ Upregulated in both desert species according to both DESeq and edgeR
* Downregulated in both desert species according to only edgeR
+ Upregulated in both desert species according to only edge

77
Table 2.5 List of 8 genes that displayed significant sign of positive selection in all tests
and were consistently DE in desert species relative to the mesic species in both the
DESeq and edgeR analysis. Direction of DE is desert species relative to mesic species.
SwissProt ID
sc65
nicn1
ce030

aacs
cetn3
ubp38

va0d2
fbxl5

Expression dn/ds
M0
↑
8.21

Number Padj M0
vs. M1
of sites
254
1.20E-02

Padj M2a
vs. M2b
4.97E-06

↓

8.08

204

9.76E-03

1.45E-05

UNC119binding protein
C5orf30
homolog
AcetoacetylCoA synthetase
Centrin-3

↑

5.44

203

5.70E-03

7.18E-18

↓

4.44

228

5.02E-04

1.62E-02

↑

3.45

201

5.48E-03

3.81E-05

Ubiquitin
carboxylterminal
hydrolase 38
V-type proton
ATPase subunit
d2
F-box/LRRrepeat protein 5

↑

2.53

236

1.47E-02

2.82E-03

↓

2.06

240

9.27E-03

1.26E-23

↓

1.78

199

1.12E-02

1.22E-03

Protein Name
Synaptonemal
complex protein
SC65
Nicolin-1
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Heteromyinae
Heteromys
desmarestianus

Perognathinae
Chaetodipus
baileyi

Dipodomyinae
Dipodomys
spectabilis

~22.3
~21.8

MYA

Figure 2.1 General relationship of the three subfamilies of the Heteromyidae. Branch
lengths are approximate. Relationship and general date of the diversification are from
Hafner et al. 2007. Filled orange boxes represent the two subfamilies that contain desert
adapted species and are distributed in temperate regions, while the green box represents
the subfamily that contains tropical and subtropical species. The species sampled herein
for each subfamily is listed below the subfamily name within each box
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1. Remove poor quality reads, trim adaptors from Illumina reads, and use DeconSeq to
remove reads that have significant hits to rRNA

2. Assemble Illumina reads from all 4 individuals in Trinity

3. Fragment Illumina assembly into chunks ≤ 1 kb in length

4. Assemble Illumina fragments along with 454 reads using Newbler 2.6

5. Annotate each species ‘transcriptome’ using BLASTx against the Swiss-Prot

6. Map reads from each of the four individuals to the ‘transcriptome’ to get expression
counts for each gene from each individual

7. Take contigs from species transcriptome and BLASTx against each other in reciprocal
blast

8. BLAST all reciprocal hits against Mus musculus EST and align all 4 species that are
reciprocal best hits in MUSCLE

9. Conduct M0 vs. M1. and M2a vs. M2b tests for positive selection on alignments
using codeml within PAML

Figure 2.2 Workflow for sequence assembly, annotation of reference libraries, and
obtaining read counts for test of differential expression. This pipeline was used for four
individuals per species for each of the three species (Heteromys desmarestianus,
Chaetodipus baileyi, and Dipodomys spectaiblis). Since there was no 454 data for C.
baileyi step 4 was conducted for that species with the fragmented Illumina data alone.
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A.

DE Genes

edgeR
1207

Both
1890

DESeq
7

Downregulated Genes

B.

edgeR
375

Both
783

DESeq
2

Upregulated Genes

C.

edgeR
475

Both
839

DESeq
2

Figure 2.3 Venn diagram of the genes found to be A.) DE overall, B.) Downregulated in
C. baileyi and D. spectabilis relative to H. desmarestianus, C.) Upregulated in C. baileyi
and D. spectabilis relative to H. desmarestianus by edgeR and DESeq after correction for
multiple testing. Values represent the number of genes significantly DE according to
edgeR only, according to both, and according to DESeq only (left to right, respectively).
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CHAPTER 3.
SIGNATURES OF NATURAL SELECTION ON THE
IMMUNOGENETIC REPERTOIRES OF HETEROMYID RODENTS

Nicholas J. Marra and J. Andrew DeWoody (2014) Signatures of natural
selection on the immunogenetic repertoires of Heteromyid rodents. In prep.
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3.1

Abstract

When populations evolve under disparate environmental conditions, they
experience different selective pressures that shape patterns of sequence evolution and
gene expression. For example, climatic conditions and seasonality may impart stronger
selection on temperate than on tropical species. Conversely, species interactions such as
host-parasite relationships may be a more significant driver of evolution in tropical areas
where species diversity and density is often greater. These differences may be
manifested in genetic and phenotypic differences such as a more diverse immunogenetic
repertoire in species from tropical latitudes that have greater parasite abundance. Herein,
we compare the transcriptomes of three Heteromyid rodents, namely one tropical species
(Heteromys desmarestianus) and two temperate species (Dipodomys spectabilis and
Chaetodipus baileyi). We did so in a systematic search for molecular signatures of
positive selection on genes and/or their differential expression across environmental
contrasts while controlling for phylogenetic effects. Towards this end, we identified 632
genes that were upregulated in H. desmarestianus (8.7% of genes that could be compared
across all species). Among the genes with selection on the tropical species H.
desmarestianus (tropical species) branch were genes involved in both the innate and
adaptive immune response with Peli2 playing a role in the Toll Like Receptor (TLR) and
Interleukin-1 (IL-1) signaling pathway and Nfx1 regulating expression of Major
Histocompatibility Complex (MHC) class II genes. Additionally, we identified 5 genes
that exhibit both strong signs of positive selection and were upregulated in H.
desmarestianus.
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3.2

Introduction

How does natural selection differ between habitats? This is a fundamental
question in evolutionary biology that determines (at least in part) phenotypic differences
between related taxa. For example, multiple studies have shown that freshwater
populations of threespine stickleback, Gasterosteus aculeatus, consistently exhibit loss of
body plate armor that is found in marine populations of the species and that there is
evidence of a common genetic basis for these alternate phenotypes (Cresko et al., 2004;
Shapiro et al., 2004). Studies of environmental contrasts can provide an extreme but
useful framework for identifying the impact of disparate selective pressures on the
genome. For example, the latitudinal diversity gradient (LDG), which describes the
increase in species richness that occurs from the poles to the tropics, may be due to
unstable climates and abiotic factors that constrain evolution in temperate latitudes in
contrast to the increased biotic interactions that drive diversity in tropical locales
(Dobzhansky, 1950; Schemske et al., 2009). In particular, host-parasite interactions may
act as powerful selective agents in tropical species.
Parasites (and predators) impose greater selective pressure on their hosts in
tropical environments than in temperate environments (Connell, 1971; Janzen, 1970).
This could be due in part to year round conditions conducive to high host productivity
which supports high parasite diversity and abundance (Hochberg and van Baalen, 1998).
If selection due to parasite load is greatest in the tropics, tropical and temperate hosts
should differ with respect to measures such as host infection status, immune response,
and parasite abundance.
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Several empirical studies have evaluated parasite abundance in temperate and
tropical birds and found evidence of increased immune response and/or parasite richness
at lower, tropical latitudes (Møller, 1998; Owen-Ashley et al., 2008; Ricklefs and
Sheldon, 2007) although this directionality is not universal (Ricklefs 1992; Møller et al.
2006). Similarly, greater parasite load in tropical populations of the lizard Eulamprus
quoyii has been reported (Salkeld et al., 2008). In primates, a literature survey of
pathogens and host ranges found evidence of LDG for protozoan parasites but not for
viruses (Nunn et al., 2005), and within humans there is evidence of LDG for several
human parasites (Guernier et al., 2004). Finally, range maps for a large number of
African tick species found that species richness was correlated with LDG as seen in their
avian and mammalian hosts (Cumming, 2000).
Evidence for immunogenetic divergence along an LDG exists as well. For
instance, a study of genome-wide genetic differentiation (measured by Fst) between
tropical and temperate populations of Drosophila melanogaster found multiple immunity
related genes that were significantly differentiated between the populations
(Kolaczkowski et al., 2011). The same study also found enrichment for innate immunity
genes involved in the Toll signaling pathway in the Fst outliers indicative of possible
selection on those loci. Another example is the pattern of increased MHC diversity in
Atlantic salmon populations at lower latitudes and the fact that bacterial diversity was
greater in rivers at lower latitudes, showing a possible link between increased pathogen
abundance and genetic variation (Dionne et al., 2007).
Whereas those earlier studies sought to quantify proximate selective pressures, we
aimed to determine if selective pressures shaped sequence evolution and/or gross changes
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in gene expression of immune genes in a tropical rodent compared to temperate relatives.
We used as evolutionary models the forest spiny pocket mouse (Heteromys
desmarestianus) and two temperate relatives, Chaetodipus baileyi (Bailey’s pocket
mouse) and Dipodomys spectabilis (banner-tailed kangaroo rat).
All three of our study species are members of the Heteromyidae, a family of new
world rodents whose native range extends from North America through Central America
and into northern South America (Alexander and Riddle, 2005). The family is comprised
of three subfamilies which diverged from one another roughly 22 mya (Hafner et al.,
2007): the Heteromyinae, Perognathinae, and the Dipodomyinae (represented in our
study by H. desmarestianus, C. baileyi, and D. spectabilis, respectively). Heteromys spp.
have the most southerly distribution of the family and are often found in lowland
rainforest while Chaetodipus spp. and Dipodomys spp. have generally temperate
distributions (Alexander and Riddle, 2005; Anderson, 2003). Ectoparasites, and in
particular sucking lice, (Fahrenholzia species) are known to parasitize members of the
Heteromyidae; a single parasite species often specialize on several Heteromyids (Light
and Hafner, 2008). In line with the prediction of higher prevalence of parasites in the
tropics, H. desmarestianus is one of the few host species in this complex that is
parasitized by multiple sucking lice species (Light and Hafner, 2008). Most species of
sucking lice evolved to infect multiple Heteromyid lineages and few, if any, other cases
of a Heteromyid lineage parasitized by >1 Fahrenholzia spp. are observed (Light and
Hafner, 2008).
To identify whether tropical species display molecular signatures of increased
selective pressure on immune response we used a phylogenetic framework to compare
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three rodent species. We used RNA-seq data sets from each species to examine the
evolutionary consequences of differing selective pressures on genes expressed in tissue
integral to the vertebrate immune response. We evaluated gene expression and evidence
of sequence evolution in genes expressed in spleen tissue for multiple individuals per
species. This forms a significant first step in identifying evidence of the presence and/or
effects of a drastically different selection pressure on the tropical H. desmarestianus
relative to the temperate D. spectabilis and C. baileyi, which are both constrained by
adaptation to desert habitat (Marra et al 2014). Spleen tissue was used since its relative
size has been used previously as a proxy for investment in immune defense (Møller,
1998) and it has been used to characterize a select set of immunity genes in D. spectabilis
(MHC class II DRB sequences in Busch et al., 2008). Thus there is past evidence for
expression of immunity related genes in this tissue for Heteromyid rodents.

3.3
3.3.1

Methods

Sample Collection

The samples for this project were collected from the field as described in Marra et
al. (2012) and Marra et al. (2014). Briefly, spleen tissue from each of four adult D.
spectabilis (2 males and 2 females) and four adult C. baileyi (2 males and 2 females) was
harvested during collection trips to the same locale near Portal, AZ (about 31°37’N
latitude) in December 2009 and December 2011, respectively. Additionally, spleen tissue
was collected from four individual H. desmarestianus (1 male and 3 females) trapped
within La Selva Biological Station in the lowlands of northern Costa Rica (roughly
10°25’N latitude) in June 2010. All 12 individuals were euthanized according to
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approved Purdue Animal Care and Use protocols, and tissue was harvested via
dissections. Tissue was minced immediately and frozen in TRIzol® reagent (Invitrogen)
prior to transport back to Purdue University.

3.3.2

RNA Preparation and Sequencing

At Purdue University total RNA was extracted from a representative portion of
each sample using TRIzol® reagent (Invitrogen) according to manufacturer instructions.
For the D. spectabilis and H. desmarestianus samples, ½ plate of 454 sequencing was
conducted using cDNA synthesized from our initial RNA extractions with the ClonTech
SMART cDNA synthesis kit (Zhu et al., 2001) with a modified CDS III/3’ primer (see
Hale et al. 2009; Eo et al. 2012; Marra et al. 2012). Fresh RNA extractions were used to
obtain total RNA for all 12 samples which were then purified using RNA Clean and
Concentrator columns (Zymo Research). RNA quality was evaluated with an Agilent
2100 Bioanalyzer before a uniquely barcoded 2 X 100 paired end library was constructed
from each sample. All 12 libraries were then pooled and sequenced (along with the 12
kidney libraries from Marra et al., 2014) in two separate lanes using an Illumina HiSeq
2000 (all 24 libraries sequenced in each lane).

3.3.3

Transcriptome Assembly

The methodology (Figure 3.1 and Table 3.1) closely follows those of Marra et al.
(2014). Adaptors and library synthesis primers were trimmed from sequences and the
libraries were then filtered to remove poor quality reads. DeconSeq version 0.4.1
(Schmieder & Edwards 2011) was used to remove reads with a minimum overlap of 60
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bp and >80% similarity to the rRNA sequence. The filtered reads from all four
individuals per species were pooled to assemble a species-specific de novo spleen
reference transcriptome (n=3 de novo assemblies) by first assembling all Illumina reads
with the Trinity assembler (Grabherr et al. 2011). Then 454 reads were combined with
the Trinity output in gsAssembler after fragmenting the Trinity contigs into ≤1 kb pieces
with a script from http://www.clarkfrancis.com/blast/fragblast.html.

3.3.4

BLAST Annotation and GO Enrichment

After filtering out all contigs that were ≤100bp, we annotated the three resulting
de novo transcriptomes with BLASTx (Altschul et al., 1990) using the Swiss-Prot
database and an e-value threshold of e ≤ 1 X 10-6 (Eo et al., 2012) to obtain annotated
transcriptomes from the pool of four individuals per species. Using Blast2GO (Gotz et
al., 2008), we obtained gene ontology (GO) terms for our annotated contigs and
conducted a Fisher’s exact test to identify gene ontologies that were consistently
overrepresented in the H. desmarestianus dataset at p≤.05 relative to the other two
species.

3.3.5

Test for Differential Expression (DE)

As in Marra et al. (2014), we obtained measures of gene expression for each of
four individuals per species by mapping the individual Illumina reads back to our
reference de novo transcriptomes. We did so using the default parameters in the program
RSEM (Li and Dewey, 2011). If ten or more reads from three of the four individuals
mapped back to a contig then it was retained for DE analysis, otherwise it was discarded.
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Differential expression was evaluated between the three species by conducting the three
possible pairwise analyses (C. baileyi vs. H. desmarestianus; D. spectabilis vs. H.
desmarestianus; and C. baileyi vs. D. spectabilis) with the R package DESeq (Anders &
Huber 2010, version 1.14). This program controls for library size and models the count
data with a negative binomial distribution and identifies significantly DE genes after a
Benjamini-Hochberg correction for multiple testing and a threshold of an adjusted p
(padj)<.05 (Anders and Huber, 2010; Benjamini and Hochberg, 1995). Default
parameters were used as described in the program’s documentation.

3.3.6

Test for Positive Selection

Sequences were treated in a similar manner to Marra et al. (2014) to build
alignments of putative orthologues for four species (M. musculus, C. baileyi, D.
spectabilis, and H. desmarestianus). Briefly, after we obtained the best reciprocal
BLAST hits for contigs from D. spectabilis, C. baileyi, and H. desmarestianus we
constructed sets of putative orthologues composed of one sequence from each species
(three sequences per set of orthologues). If one or more of these sequences lacked a
definitive BLAST hit from our preliminary transcriptome BLAST annotation or had a
different Swiss-Prot hit from the other two species of the set, then the whole set of
orthologues was removed from further analyses. Additionally, we required that all three
sequences shared the same top BLASTn hit (using a cutoff of e ≤ 1 X 10-9) in the M.
musculus EST database. The coordinates of the latter BLASTn search were used to trim
each sequence of the orthologue set (now including the M. musculus EST as the fourth
and final sequence for the set). All four sequences were evaluated with the program
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Virtual Ribsome (Wernersson, 2006) and removed from analysis if the longest reading
frame from that analysis was less than 189 bp to lower the probability of encountering a
false stop codon (see Mattila et al., 2012). Briefly, this cutoff is derived from an
assumption that if the number of stop codons in a sequence of random length follows a
negative binomial then the minimum length for an open reading frame to not occur by
chance is 63 codons at a cutoff of 5%.
All sets of four orthologous sequences that remained after this filtering were
aligned using MUSCLE v. 3.6 (Edgar, 2004). These alignments were then used in
conjunction with a phylogenetic tree constructed from cytochrome c oxidase subunit I
(COI) sequences from the four species; the three Heteromyid COI sequences were from
Hafner et al. 2007. These alignments were used in the codeml program in PAML 4.7
(Yang and Nielsen, 2002; Yang, 2007, 1997; Yang et al., 2005; Zhang et al., 2005) to test
for selection utilizing the M0 vs. M1 test, which tests whether the ratio of nonsynonymous changes to synonymous changes (dn/ds or ω) should vary across the tree or
be fixed at one value for the entire tree. We also utilized the modified M2a vs. M2b test
described in the PAML manual to explicitly test whether the branch leading to the
tropical species, H. desmarestianus, should possess a separate ω estimate and whether
that value should be greater than 1, indicating positive selection (Yang and Nielsen,
2002; Yang, 2007, 1997; Yang et al., 2005; Zhang et al., 2005). These tests were
conducted in the manner discussed in Marra et al. (2014) with the exception that in the
M2 analyses we marked the branch leading to H. desmarestianus so that we could detect
cases where there was an elevated ratio of non-synonymous to synonymous changes in
immune related genes for this tropical species. Positive selection was indicated by an ω >
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1 and a significant difference between the tested and null models as indicated by a
Likelihood Ratio Test (LRT). To assess significance we obtained a p-value for each LRT
from the Chi-squared distribution and then adjusted for multiple testing by applying a
Benjamini-Hochberg correction for false discovery using the p.adjust function in R.
Genes were identified as significant if they had an adjusted p-value (padj) < .05.

3.4
3.4.1

Results

Sequencing, Assembly, and Annotation

From the 2 Illumina lanes of sequencing we obtained 147,565,714 paired-end
reads (2x100 bp reads) across all species. For the 454 pyrosequencing of H.
desmarestianus and D. spectabilis, we obtained an additional 322,763 reads (mean length
294 bp; see Table 3.2). Mean contig length was roughly 1kb for all three species (Table
3.3). With the GO term annotations from Blast2GO (Gotz et al., 2008) we conducted a
Fisher’s exact test to test for enrichment of GO terms in the H. desmarestianus dataset.
There were 97 GO terms that were either enriched or underrepresented in the H.
desmarestianus dataset, meaning there were either proportionally more or proportionally
less genes (respectively) in the H. desmarestianus dataset with those GO terms than in
the combined D. spectabilis and C. baileyi datasets. Of these, 73 GO terms were
overrepresented set and 24 were underrepresented in H. desmarestianus (Table 3.4).
Several of these GO terms are closely linked to immunity including GO:0030368:
interleukin-17 receptor activity; GO:0002215: defense response to nematode;
GO:1900017: positive regulation of cytokine production involved in inflammatory
response; and GO:0043306: positive regulation of mast cell degranulation. Though these

92
terms are no longer significant after FDR correction, their raw p<.05 and more
importantly their link to immunity signal that the genes that they describe warrant further
future investigation.

3.4.2

Differential Gene Expression

From the DESeq analysis, out of 7,266 genes that passed the filtering step for the
differential expression (DE) test, we identified 2,786, 2,533, and 2,893 significantly DE
genes in the D. spectabilis vs. H. desmarestianus, C. baileyi vs. H. desmarestianus, and C.
baileyi vs. D. spectabilis comparisons, respectively. The comparisons of interest are the
environmental contrasts whereby a temperate species (C. baileyi or D. spectabilis) is
compared to the tropical species (H. desmarestianus). There were 1,274 genes that were
DE in both of these comparisons. Of these, 49.6% (632 genes) that were consistently
upregulated (had higher expression) in H. desmarestianus relative to the temperate
species and 38.6% (492 genes) were consistently downregulated wheras 11.8% (150
genes) showed an inconsistent pattern of expression (upregulated in one comparison,
downregulated in the other) (see Figure 3.2).

3.4.3

Selection Tests

After filtering, there were 1,150 MUSCLE alignments of orthologous sequences
as determined by our reciprocal BLAST analysis. The PAML analysis of this 1,150 gene
dataset yielded 277 genes that were significant (padj<.05, df=4) in the M0 vs. M1 test. Of
these, 107 genes had a dn/ds ratio (ω) > 1 on the branch leading to the tropical species,
Heteromys desmarestianus, and an overall ω > 1 across the entire tree. When we
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evaluated the model 2a vs. model 2b (the branch sites test) and tested for selection, there
were 326 genes with statistically significant dn/ds ratios on the Heteromys
desmarestianus branch (padj<.05, df=1). When we consider the intersection of these two
tests, there were 73 genes significant for both tests and having an ω > 1 for the overall
tree (ω from model 0). If restricted to cases where ω >1 on the branch to H.
desmarestianus in both tests, then there were 72 genes that show consistent and strong
evidence of positive selection leading to the tropical lineage. Filtering these 72 genes for
those where the final PAML alignment produced a minimum length of 189 sites
(matching our length filter prior to MUSCLE alignment) left 60 genes that had significant
and strong evidence of positive selection.

3.5

Discussion

The role of selection in driving and shaping genetic variation has long been a
subject of considerable interest in evolutionary biology. Some of the best molecular
examples of natural selection come from the study of genes that play a role in immunity
to infectious disease and/or pathogens (Barreiro and Quintana-Murci, 2010; Sabeti et al.,
2006). Indeed, a recent review found that 84 genes related to immunity exhibited
interspecific signs of strong selection between the human and chimpanzee lineages
(Barreiro and Quintana-Murci, 2010).
The consistent signature of selection on genes associated with immunity, in
conjunction with the latitudinal diversity gradient (LDG) and its logical corollary that
increased biotic and host/parasite interactions are more prevalent in the tropics, led us to
examine molecular differences between tropical and temperate rodents in an effort to
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identify genetic targets of selection in a tropical rodent. Our three study species have
been the subject of a variety of ecological (Best, 1988; Vorhies and Taylor, 1922),
behavioral (Eisenberg, 1963), physiological, and phylogenetic studies (Alexander and
Riddle, 2005; Hafner et al., 2007; Light and Hafner, 2008; Riddle and Hafner, 2007).
There have even been cursory surveys of MHC diversity in the D. spectabilis genome
(Busch et al., 2008). However, genomic resources in this group are limited and those that
do exist (e.g., a draft genome in D. ordii) are poorly annotated and too shallow for
effective use in sequence assembly across the Heteromyidae (DeWoody et al., 2013).
Thus we conducted de novo RNA-sequencing to assemble transcriptomes that we used to
quantify gene expression and to test for divergent selection between the tropical and
temperate species.
Our adult spleen transcriptome assemblies yielded a comparable number of
contigs to our previous transcriptome work with these species (Marra et al 2014) with
slightly more in D. spectabilis (see Table 3.3). However, this increase in contig number
is accompanied by a slightly shorter mean contig length due to a slightly more
fragmented assembly. Regardless, we obtained an average of 24,594,286 reads per
library (12,297,143 paired end reads per individual library) or 98,377,144 reads per
species. Given the mean library size, we utilized DESeq (Anders and Huber, 2010)
because it is one of the more conservative methods for detecting DE (Soneson and
Delorenzi, 2013) and is consistent with other approaches such as edgeR (Marra et al.,
2014; Robinson et al., 2010).
BLAST annotation identified a mean of 11,626 genes per species, roughly 63% of
which were expressed across all three species at levels high enough to pass our filtering
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for the DE test. Of these, 1,274 genes were significantly DE in each of two separate tests
of the tropical H. desmarestianus versus temperate C. baileyi and D. spectabilis. The DE
genes showed a relatively consistent pattern with only 11.8% of genes switching
direction of DE between the two comparisons (i.e., 88.2% did not change direction). We
encountered 632 genes that were consistently upregulated in H. desmarestianus. The
consistent DE pattern for these genes in the tropical H. desmarestianus relative to the
temperate species is of great interest and may indicate expression patterns shaped by
environmental factors. It may be that the predicted elevated pathogen load encountered
by tropical species has resulted in elevated expression of immunity related genes or DE
of specific types of immune response genes (e.g. different emphasis on innate vs.
adaptive immunity relative to temperate species). However, the DE patterns observed
here can result from many sources including other functions of the spleen beyond
immune response, developmental differences (though we have tried to minimize this by
sampling adults for all species), or temporal patterns of expression. Clearly, more
research is necessary to confirm their consistent upregulation in H. desmarestianus spleen
across additional variables (e.g., time points, body conditions, parasite load, etc.).
Of additional interest is the consideration of these expression results in addition to
or in concert with the results of our selection tests. From our reciprocal BLAST analysis,
M. musculus EST analysis, length filtering, and subsequent MUSCLE alignment we
obtained alignments of 1,150 genes to test for evidence of positive selection. We were
able to detect significant departures from neutral models and detect cases where there
was significant evidence of positive selection along the tropical H. desmarestianus
branch (e.g. cases where the M2a vs. M2b tests was significant). We were mainly
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interested in those genes that not only showed departure from neutral models, but those
that also showed strong evidence of positive selection (elevated dn/ds and significance
for both tests) on the branch leading to H. desmarestianus. Such genes show divergence
of the H. desmarestianus sequence from the other two species that serve as that serve as
temperate contrasts. In order to have the highest confidence that such sequence
divergence was due to natural selection, we filtered these genes to identify cases where
there was evidence of selection for both tests (73 genes) and specifically that the branch
sites test (M2a vs. M2b) showed positive selection on the H. desmarestianus branch as
indicated by an ω > 1 (72 genes). Further filtering for an alignment length greater than
189 bp resulted in 60 candidate genes exhibiting strong evidence of positive selection.
Of these 60 genes there were 5 genes that were also consistently DE, all 5 of which were
upregulated in the tropical H. desmarestianus relative to the temperate C. baileyi and D.
spectabilis (Table 3.5).
The 60 genes under selection represent a little over 5% of our filtered set of genes
used for the selection tests (1,150 genes), which falls in line with other estimates of
selection from genomic scans of divergence (e.g. 6% in Brieuc and Naish, 2011, 8% in
Anisimova et al., 2007, and 20% in Clark et al., 2003). Collectively, the consistent
evidence for selection on these sequences from multiple tests strongly suggests they are
evolving non-randomly. Ideally, another type of selection test would be utilized to
confirm this pattern (such as tests looking at reduction of genetic diversity for a particular
gene or genetic differentiation between populations with high or low infection status).
However, for time scales of divergence on the order of millions of years (and the species
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sampled here diverged from one another roughly 22 mya), divergence-based analyses are
the only appropriate tests of selection (Ford 2002; Nielsen 2005; Sabeti et al. 2006).
A functional link between the gene and immunity is desirable in order to make the
leap that these patterns of divergence between species are driven by parasite-(or
pathogen) mediated selection in H. desmarestianus. There is no clear direct link between
immune response and the gene function for the genes listed in Table 3.5, and it is possible
that the evolutionary pattern observed for these genes could be due to selective pressures
other than immunity such as life history or habitat differences among these three
Heteromyids. For example, H. desmarestianus is native to mesic areas, whereas the other
two species inhabit xeric habitat (Marra et al. 2014). However this lack of an obvious
immune function does not preclude the possibility that selection is linked to immunity in
some indirect way. Indeed, one textbook example of an immune related gene is selection
on human β-globin. The top gene ontologies for this gene are heme binding, iron ion
binding, oxygen binding, and oxygen transporter activity, and no immune function is
apparent. However, we now know that the sickle cell allele for this gene is maintained in
human populations due to the selective advantage of conferring malaria resistance
(Allison, 1954; Barreiro and Quintana-Murci, 2010). It is also possible that the genes
showing evidence of DE and/or positive selection are being driven by alternative
selective pressures that are not linked to immunity.
For at least two of our genes that exhibited significant evidence of selection in the
M2a vs. M2b test, there is an obvious link between gene function and immunity. In
particular, peli2 encodes E3 ubiquitin-protein ligase pellino homolog 2, which interacts
with the TLR/IL-1R pathway during post-transcriptional control through its involvement
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in attachment of ubiquitin to proteins. In cases where peli2 is knocked down, this control
of the inflammatory response is negatively affected (Kim et al., 2012). Another strong
candidate identified here is Nfx1, which encodes transcriptional repressor NF-X1. This
gene is a transcription factor that can bind to a portion of the promoter for MHC class II
genes and there is evidence that overexpression of this gene can repress expression of
MHC class II loci (Song et al., 1994). Clearly, peli2 and Nfx1 are integral to both the
innate and adaptive immune systems (i.e., Toll-Like Receptors and Major
Histocompatibility Complex, respectively). Both of these genes were significant for the
M2a vs. M2b test and initially had a significant p-value for the M1 vs. M0 test, but after
an FDR were not significant in the M0 vs. M1 test. Further taxonomic sampling may
enable the identification of particular sites within these genes that are under selection.
Many of the 60 genes identified as having significant evidence of selection across both
tests may also function in immune response, but mechanistic studies are required to
evaluate this possibility. These genes warrant further study to identify their functional
role in H. desmarestianus.

3.6

Conclusions and Future Directions

We have characterized the transcriptomes of three Heteromyid rodents, identified
a suite of genes that have been upregulated in H. desmarestianus, and identified 60 genes
that we believe exhibit solid evidence of positive selection. At least some of these genes
identified here play important roles in the innate and adaptive immune response; Peli2
and Nfx1 have a strong biological link to immune response and their divergence from
orthologues in temperate taxa could be driven by the selection pressure of elevated
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parasite abundance in tropical environments. Further work is needed which combines
direct estimates of sequence diversity for these genes with estimates of parasite load and
infection in populations across a latitudinal gradient. Such work would further cement
the link between selection on these genes and increased parasite burden experienced by
tropical species.
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Table 3.1 List of programs used throughout the paper with a brief description of their
function.
Program
Version
Use
Citation
(Schmieder and
DeconSeq
Trinity

0.4.1

read filtering and processing

Edwards, 2011)

trinityrnaseq- de novo assembly of Illumina

(Grabherr et al.,

r2013-02-25

2011)

reads
de novo assembly of Illumina

gsAssembler
Bowtie

2.6
1.0.0

and 454 reads

Roche/454 manual

paired end read mapping

(Langmead et al.,

implemented in RSEM

2009)

uses bowtie and maximum
likelihood approaches to map
reads to a scaffold and give the
RSEM
DESeq

1.2.0
1.14

Virtual

number of reads that map to a

(Li and Dewey,

sequence

2011)

uses read counts to test for

(Anders and

differential expression

Huber, 2010)

screen sequences for longest

Ribosome

1.1

open reading frame

Wernersson 2006

MUSCLE

3.6

multiple sequence alignment

(Edgar, 2004)

package of programs for analysis
of protein and DNA sequences
PAML

4.7

using maximum likelihood based

(Yang, 2007,

methods

1997)
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Table 3.2 Descriptive statistics from combined 454 and Illumina DNA sequencing runs
of three Heteroymid rodents. Illumina reads are paired-end data (2 x 100 bp). N/A
Dipodomys
Heteromys
Chaetodipus baileyi
spectabilis
desmarestianus
454 reads
203,096
119,667
N/A
mean 454 read
292 bp

299 bp

N/A

57,505,313

46,290,213

43,770,188

length
Illumina reads
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Table 3.3 Summary of combined 454/Illumina assembly and annotation for DE

# of contigs
mean contig length
Number of gene
annotations
Annotated genes unique
to the species

Dipodomys
spectabilis
58,435
888 bp

Heteromys
desmarestianus
35,318
1,158 bp

Chaetodipus
baileyi
34,059
1,251 bp

12,160

11,526

11,192

1,045

1,618

602
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Table 3.4 List of GO terms from Fisher’s exact test looking for enrichment in the spleen
transcriptome of Heteromys desmarestianus relative to Dipodomys spectabilis and
Chaetodipus baileyi. Terms that are ‘over’ enriched are terms over represented in H.
desmarestianus, terms that are ‘under’ in the enrichment column are under represented.
FDR was 1 for all terms so no terms were significant after Benjamini-Hochberg
GO-ID
GO:0005833

Term
hemoglobin complex

GO:0033643

host cell part

GO:0005858

GO:0071546

axonemal dynein
complex
phosphopyruvate
hydratase complex
immunoglobulin
complex, circulating
mitochondrial
respiratory chain
pi-body

GO:0032009

early phagosome

GO:0005640

nuclear outer membrane

GO:0005344

oxygen transporter
activity
CCR5 chemokine
receptor binding
G-protein beta/gammasubunit complex binding
protein C-terminus
binding
mannan binding

GO:0000015
GO:0042571
GO:0005746

GO:0031730
GO:0031683
GO:0008022
GO:2001065
GO:0004634
GO:0030368
GO:0008193

phosphopyruvate
hydratase activity
interleukin-17 receptor
activity
tRNA
guanylyltransferase
activity

Category
Cellular
Component
Cellular
Component
Cellular
Component
Cellular
Component
Cellular
Component
Cellular
Component
Cellular
Component
Cellular
Component
Cellular
Component
Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function

P-Value
1.81E-04

Enrichment
over

8.21E-03

over

1.44E-02

over

3.20E-02

over

3.23E-02

over

3.49E-02

over

3.56E-02

over

3.96E-02

over

4.22E-02

over

7.26E-05

over

2.16E-02

over

2.89E-02

over

3.00E-02

over

3.13E-02

over

3.20E-02

over

3.23E-02

over

3.23E-02

over
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GO:0033130
GO:0005388
GO:0008137
GO:0015616
GO:0004648
GO:0004622
GO:0097109
GO:0042799

GO:0048496
GO:0015671
GO:0031448
GO:0097117
GO:2000311

GO:0071908
GO:0001812
GO:0006649
GO:0097114

acetylcholine receptor
binding
calcium-transporting
ATPase activity
NADH dehydrogenase
(ubiquinone) activity
DNA translocase
activity
O-phospho-L-serine:2oxoglutarate
aminotransferase activity
lysophospholipase
activity
neuroligin family protein
binding
histone
methyltransferase
activity (H4-K20
specific)
maintenance of organ
identity
oxygen transport
positive regulation of
fast-twitch skeletal
muscle fiber contraction
guanylate kinaseassociated protein
clustering
regulation of alphaamino-3-hydroxy-5methyl-4-isoxazole
propionate selective
glutamate receptor
activity
determination of
intestine left/right
asymmetry
positive regulation of
type I hypersensitivity
phospholipid transfer to
membrane
N-methyl-D-aspartate
receptor clustering

Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function

3.45E-02

over

3.45E-02

over

3.47E-02

over

3.56E-02

over

3.56E-02

over

Molecular
Function
Molecular
Function
Molecular
Function

4.17E-02

over

4.40E-02

over

4.47E-02

over

Biological
Process
Biological
Process
Biological
Process

4.62E-04

over

4.62E-04

over

1.79E-03

over

Biological
Process

3.40E-03

over

Biological
Process

4.37E-03

over

Biological
Process

5.84E-03

over

Biological
Process
Biological
Process
Biological
Process

8.85E-03

over

1.28E-02

over

1.32E-02

over
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GO:0097112
GO:0002215
GO:0071909
GO:0007158
GO:0023041
GO:0045494
GO:0033600

GO:0071625
GO:0045988
GO:0042775
GO:1900017

GO:0035118
GO:0071350
GO:0001798
GO:0097459
GO:2000821
GO:0072189
GO:0019369

gamma-aminobutyric
acid receptor clustering
defense response to
nematode
determination of
stomach left/right
asymmetry
neuron cell-cell adhesion
neuronal signal
transduction
photoreceptor cell
maintenance
negative regulation of
mammary gland
epithelial cell
proliferation
vocalization behavior
negative regulation of
striated muscle
contraction
mitochondrial ATP
synthesis coupled
electron transport
positive regulation of
cytokine production
involved in
inflammatory response
embryonic pectoral fin
morphogenesis
cellular response to
interleukin-15
positive regulation of
type IIa hypersensitivity
iron ion import into cell
regulation of grooming
behavior
ureter development
arachidonic acid
metabolic process

Biological
Process
Biological
Process
Biological
Process

1.42E-02

over

1.47E-02

over

1.47E-02

over

Biological
Process
Biological
Process
Biological
Process
Biological
Process

1.55E-02

over

1.68E-02

over

1.82E-02

over

1.93E-02

over

Biological
Process
Biological
Process

1.93E-02

over

2.00E-02

over

Biological
Process

2.08E-02

over

Biological
Process

2.29E-02

over

Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process

2.57E-02

over

2.96E-02

over

3.02E-02

over

3.13E-02

over

3.20E-02

over

3.23E-02

over

3.35E-02

over
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GO:0021860
GO:0061034
GO:0090076
GO:0033601

GO:0032470
GO:0033033
GO:0061037
GO:0050919
GO:0043306
GO:0001662
GO:0060745
GO:1900139
GO:1900138
GO:0030178
GO:0051963
GO:0043536
GO:0007186

pyramidal neuron
development
olfactory bulb mitral cell
layer development
relaxation of skeletal
muscle
positive regulation of
mammary gland
epithelial cell
proliferation
elevation of endoplasmic
reticulum calcium ion
concentration
negative regulation of
myeloid cell apoptotic
process
negative regulation of
cartilage development
negative chemotaxis
positive regulation of
mast cell degranulation
behavioral fear response
mammary gland
branching involved in
pregnancy
negative regulation of
arachidonic acid
secretion
negative regulation of
phospholipase A2
activity
negative regulation of
Wnt receptor signaling
pathway
regulation of synapse
assembly
positive regulation of
blood vessel endothelial
cell migration
G-protein coupled
receptor signaling
pathway

Biological
Process
Biological
Process
Biological
Process
Biological
Process

3.45E-02

over

3.56E-02

over

3.56E-02

over

3.57E-02

over

Biological
Process

3.69E-02

over

Biological
Process

3.77E-02

over

Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process

4.03E-02

over

4.31E-02

over

4.33E-02

over

4.39E-02

over

4.40E-02

over

Biological
Process

4.40E-02

over

Biological
Process

4.40E-02

over

Biological
Process

4.49E-02

over

Biological
Process
Biological
Process

4.52E-02

over

4.56E-02

over

Biological
Process

4.56E-02

over
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GO:0050912

GO:0032982

detection of chemical
stimulus involved in
sensory perception of
taste
oxidative stress-induced
premature senescence
nuclear matrix anchoring
at nuclear membrane
positive regulation of
protein metabolic
process
myosin filament

GO:0016460

myosin II complex

GO:0030934

anchoring collagen

GO:0005958

DNA-dependent protein
kinase-DNA ligase 4
complex
DNA-dependent protein
kinase activity
aspartic-type
endopeptidase activity
ribonuclease H activity

GO:0090403
GO:0090292
GO:0051247

GO:0004677
GO:0004190
GO:0004523
GO:0052926

GO:0052918

GO:0016634

GO:0051183
GO:0043167

dol-PMan:Man(6)GlcNAc(2)PP-Dol alpha-1,2mannosyltransferase
activity
dol-PMan:Man(8)GlcNAc(2)PP-Dol alpha-1,2mannosyltransferase
activity
oxidoreductase activity,
acting on the CH-CH
group of donors, oxygen
as acceptor
vitamin transporter
activity
ion binding

Biological
Process

4.68E-02

over

Biological
Process
Biological
Process
Biological
Process

4.69E-02

over

4.72E-02

over

4.84E-02

over

Cellular
Component
Cellular
Component
Cellular
Component
Cellular
Component

2.75E-03

under

1.01E-02

under

4.80E-02

under

4.80E-02

under

Molecular
Function
Molecular
Function
Molecular
Function
Molecular
Function

1.47E-02

under

1.73E-02

under

4.02E-02

under

4.83E-02

under

Molecular
Function

4.83E-02

under

Molecular
Function

4.88E-02

under

Molecular
Function
Molecular
Function

4.88E-02

under

4.96E-02

under
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GO:0032933

GO:0048251

SREBP signaling
pathway
negative regulation of
myelination
negative regulation of
transcription regulatory
region DNA binding
type B pancreatic cell
proliferation
elastic fiber assembly

GO:0006308

DNA catabolic process

GO:0071214

cellular response to
abiotic stimulus
vitamin transmembrane
transport
acyl-CoA biosynthetic
process
peptidyl-glutamic acid
modification
forebrain morphogenesis

GO:0031642
GO:2000678
GO:0044342

GO:0035461
GO:0071616
GO:0018200
GO:0048853
GO:0035337

fatty-acyl-CoA
metabolic process

Biological
Process
Biological
Process
Biological
Process

1.46E-02

under

1.67E-02

under

1.83E-02

under

Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process
Biological
Process

2.12E-02

under

2.55E-02

under

2.75E-02

under

2.92E-02

under

3.00E-02

under

3.25E-02

under

3.93E-02

under

3.98E-02

under

4.41E-02

under
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Table 3.5 List of 5 genes that are under positive selection and were significantly
upregulated in H. desmarestianus relative to C. baileyi and D. spectabilis.
SwissM0
Number of padj M0 padj M2a vs.
Protein name
vs. M1
M2b
Prot ID
dn/ds
sites
Protein-glutamine
tgm2
gamma3.75
264
2.3E-05
0.022
glutamyltransferase 2
gpm6a
Gpm6a protein
10.40
256
0.0063
2.20E-06
UPF0428 protein
cx056
7.23
208
0.014
0.0080
CXorf56 homolog
Aspartyl
dnpep
4.63
295
0.035
0.0064
aminopeptidase
Transmembrane protein
tm237
2.68
221
7.3E-05
8.20E-06
237
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1. Remove poor quality reads, trim adaptors from Illumina reads, and use
DeconSeq to remove reads that have significant hits to rRNA

2. Assemble Illumina reads from all 4 individuals in Trinity

3. Fragment Illumina assembly into chunks ≤ 1 kb in length

4. Assemble Illumina fragments along with 454 reads using Newbler 2.6

5. Annotate each species ‘transcriptome’ using blastx against the
Swiss-Prot database

6. Map reads from each of the four individuals to the ‘transcriptome’ to get
expression counts for each gene from each individual
Figure 3.1 Workflow for sequence assembly, annotation of reference libraries, and
obtaining read counts for test of differential expression. This pipeline was used for four
individuals per species for each of the three species (Heteromys desmarestianus,
Chaetodipus baileyi, and Dipodomys spectaiblis). Since there was no 454 data for C.
baileyi step 4 was conducted for that species with the fragmented Illumina data alone
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150
632

492

5992

Inconsistent

Upregulated

Downregulated

Not DE

Figure 3.2 Tests for differential expression (DE) between the tropical species Heteromys
desmarestianus and two related temperate species, Dipodomys spectabilis and
Chaetodipus baileyi. 7,266 genes were tested for DE and 1,274 were significantly DE in
both of these comparisons; significance was identified after a Benjamini-Hochberg
correction
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APPENDIX

Supplementary Methods
In some cases BLASTx matches between the Dipodomys spectabilis contigs and
Mus musculus genes showed multiple regions of significant similarity in different reading
frames over adjacent stretches of M. musculus sequence (see Figure A 1). Thus there
appeared to be shifts in reading frames that resulted in premature stop codons in the
alignment. To rule out sequencing errors, we examined reads for bases with poor quality
scores upstream of the possible frameshift (see Figure A 2). If poor quality bases were
identified we conducted an additional alignment with the new reading frame following
the stop codon in the original reading frame and ending with the next stop codon in the D.
spectabilis or M. musculus sequence.
Specifically Table A 1 displays the BLASTx hit between the D. spectabilis contig
query and M. musculus sequence for Slc12a3. The first region of similarity is at base 25
of the D. spectabilis sequence and goes until base 171. Figure A 2 shows that this base
follows a run of three poor quality bases that are a run of G’s. The BLASTx results also
show that the second match between the sequences occurs in this area as well in a
different reading frame. Since we do not know which base may be a sequencing error we
treated each of these cases the same. The original alignment was continued until a stop
codon in the D. spectabilis sequence and then a new alignment was started after this in
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the shifted reading frame. In the case of Slc12a3 (as seen in Figure A 2) the
firstalignment went from D. spectabilis base 25 to base 214 in the first reading frame and
was labeled as fragment 1, fragment 2 was an alignment that started at base 219 and
ended at base 630 of the D. spectabilis sequence (not shown). Slc12a3 is indicative of
our procedure for aligning D. spectabilis and M. musculus sequence for the remainder of
the data listed in Tables A 4 and 5.
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Table A 1 List of all 38 a priori candidate genes identified from Mus musculus and
Rattus norvegicus with the gene symbol and gene name as listed on the Mouse Genome
Informatics (MGI) database. For each candidate the GO term numbers and terms are
listed for all of the terms that we used for defining candidates that were also used to
annotate that particular gene on the Gene Ontology database (searched using the AmiGO
browser).
gene
gene name
GO number for
GO term for
symbol
terms associated
inclusion
with candidate
Aqp 4

aquaporin 4

GO:0070295

Aqp 1

aquaporin 1

GO:0003094,
GO:0070295,
GO:0003097

Aqp 2

aquaporin 2

GO:0003097

Aqp 7

aquaporin 7

GO:0070295

Aqp 3

aquaporin 3

GO:0070295

Wfs1

Wolfram Syndrom 1
homolog
calcium channel, voltagedependent, L type, alpha
1C subunit
cholinergic receptor,
nicotinic, alpha polypeptide
3
cholinergic receptor,
nicotinic, beta polypeptide
2 (neuronal)
cholinergic receptor,
nicotinic, beta polypeptide
4

GO:0003091

Cacna1c

Chrna3

Chrnb2

Chrnb4

GO:0060083

renal absorption,
renal water
homeostasis, renal
water transport
glomerular filtration,
renal absorption,
renal water
homeostasis, renal
water transport
renal water
homeostasis, renal
water transport
renal absorption,
renal water
homeostasis, renal
water transport
renal absorption,
renal water
homeostasis, renal
water transport
Renal Water
Homeostasis
micturition

GO:0060084

micturition

GO:0060085

micturition

GO:0060086

micturition
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Tacr1

tachykinin receptor 1

potassium large
conductance calciumactivated channel,
subfamily M, alpha
member 1
transient receptor potential
Trpv1
cation channel, subfamily
V, member 1
Slc9a3r1 solute carrier family 9
(sodium/hydrogen
exchanger), member 3
regulator 1
HNF1 homeobox A
Hnf1a
adenosine A1 receptor
Adora1
Kcnma1

GO:0060083,
GO:0035815
GO:0060073,
GO:0060083

micturition, renal
sodium excretion
micturition

GO:0060083

micturition

GO:0070293

renal absorption,
renal sodium ion
transport

GO:0035623
GO:0003093

renal absorption
glomerular filtration,
renal sodium
excretion, renal
system process
involved in regulation
of systemic arterial
blood pressure
glomerular filtration

Ednra

endothelin receptor type A

GO:0003094,
GO:0003096
GO:0003105,
GO:0035814

Uts2r

urotensin 2 receptor

Cyba

cytochrome b-245, alpha
polypeptide

GO:0003106

Agt

angiotensinogen (serpin
peptidase inhibitor, clade
A, member 8)

Agtr1a

angiotensin II receptor,
type 1a

GO:0035813,
GO:0035815,
GO:0001998,
GO:0001999,
GO:0002018
GO:0002001,
GO:0002018

glomerular
filtration,renal
sodium excretion,
renal system process
involved in regulation
of systemic arterial
blood pressure
renal system process
involved in regulation
of systemic arterial
blood pressure
renal sodium
excretion

renal system process
involved in regulation
of systemic arterial
blood pressure
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Agtr1b

angiotensin II receptor,
type 1b

GO:0001999

Agtr2

angiotensin II receptor,
type 2

GO:0035815,
GO:0002018,
GO:0002033

Cyp11b2 cytochrome P450, family
11, subfamily b,
polypeptide 2
G6pd

glucose-6-phosphate
dehydrogenase

Hsd11b2 hydroxysteroid 11-beta
dehydrogenase 2

GO:0002017

GO:0001998,
GO:0002033
GO:0002017

Ren or
Ren1

renin 1 structural

GO:0002018

Pcsk5

proprotein convertase
subtilisin/kexin type 5

GO:0002001

Cyp11b3 cytochrome P450 11B3

GO:0002017

Adrb1

adrenergic receptor, beta 1

GO:0035811

Adrb2

adrenergic receptor, beta 2

GO:0035811

Oxt

oxytocin

GO:0035811,
GO:0035815

Avpr2

arginine vasopressin
receptor 2

GO:0035811,
GO:0035814

renal system process
involved in regulation
of systemic arterial
blood pressure
renal sodium
excretion, renal
system process
involved in regulation
of systemic arterial
blood pressure
renal system process
involved in regulation
of systemic arterial
blood pressure
renal system process
involved in regulation
of systemic arterial
blood pressure
renal system process
involved in regulation
of systemic arterial
blood pressure
renal system process
involved in regulation
of systemic arterial
blood pressure
renal system process
involved in regulation
of systemic arterial
blood pressure
renal system process
involved in regulation
of systemic arterial
blood pressure
regulation of urine
volume
regulation of urine
volume
regulation of urine
volume, renal sodium
excretion
regulation of urine
volume, renal sodium
excretion
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Slc12a1

Slc12a3

Avp
Anpep
Avpr1a

solute carrier 12
GO:0070294
(sodium/potassium/chloride
transporters), member 1
solute carrier 12
GO:0070294
(sodium/potassium/chloride
transporters), member 3
arginine vasopressin
GO:0035813
alanyl (membrane)
aminopeptidase
arginine vasopressin
receptor 1a

GO:0035814
GO:0035815

renal absorption
renal absorption
renal sodium
excretion
renal sodium
excretion
renal sodium
excretion
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Table A 2 List of all unfiltered GO terms that were overrepresented in the annotations of
the a priori candidate set of genes relative to the rest of the kidney data set as determined
by a Fisher’s exact test and using a false discovery rate (FDR) rate threshold of FDR<.05.
Each term number is listed along with the term, the category (C=cellular component,
F=molecular function, and P=biological process). The post FDR significance value is
listed along with the overall unadjusted p-value. Terms are grouped according to
category (C, F, or P) and the total of each category is listed below the group
GO-ID

Term

Category

FDR

P-Value

GO:0016324

apical plasma membrane

C

3.44E-05

5.71E-08

GO:0045177

apical part of cell

C

1.11E-04

2.10E-07

GO:0044459

plasma membrane part

C

1.66E-04

3.54E-07

GO:0005886
Cellular
Component
Count

plasma membrane

C

3.25E-03

2.01E-05

GO:0008511

4
sodium:potassium:chloride symporter
activity

F

2.29E-06

2.12E-09

GO:0001664

G-protein-coupled receptor binding

F

4.69E-06

5.01E-09

GO:0015377

cation:chloride symporter activity

F

4.15E-05

7.39E-08

GO:0015296

anion:cation symporter activity

F

5.19E-04

1.71E-06

GO:0010698

acetyltransferase activator activity

F

5.19E-04

1.85E-06

GO:0031698

beta-2 adrenergic receptor binding

F

1.20E-03

5.54E-06

GO:0031690

adrenergic receptor binding

F

1.20E-03

5.54E-06

GO:0015294

F

2.22E-03

1.24E-05

GO:0008509

solute:cation symporter activity
anion transmembrane transporter
activity

F

5.17E-03

3.77E-05

GO:0015293

symporter activity

F

7.09E-03

5.64E-05

GO:0004888

transmembrane receptor activity

F

1.60E-02

1.46E-04

GO:0004930

F

2.34E-02

2.19E-04

GO:0015291

G-protein coupled receptor activity
secondary active transmembrane
transporter activity

F

2.76E-02

2.65E-04

GO:0030165

PDZ domain binding

F

3.16E-02

3.12E-04

GO:0005102
Molecular
Function
Count

receptor binding

F

3.17E-02

3.16E-04

15
regulation of systemic arterial blood
pressure by hormone

P

8.94E-08

1.06E-11

endocrine process
regulation of systemic arterial blood
pressure mediated by a chemical signal

P

1.34E-07

3.18E-11

P

4.16E-07

1.48E-10

renal system process
regulation of systemic arterial blood
pressure

P

5.62E-07

2.67E-10

P

1.18E-06

6.98E-10

GO:0001990
GO:0050886
GO:0003044
GO:0003014

GO:0003073
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GO:0001999
GO:0008217

renal response to blood flow during
renin-angiotensin regulation of
systemic arterial blood pressure

P

2.29E-06

2.12E-09

P

2.29E-06

2.18E-09

P

6.48E-06

8.46E-09

P

6.48E-06

8.46E-09

GO:0003081

regulation of blood pressure
regulation of systemic arterial blood
pressure by circulatory reninangiotensin
regulation of systemic arterial blood
pressure by renin-angiotensin

GO:0003013

circulatory system process

P

1.59E-05

2.45E-08

GO:0008015

blood circulation

P

1.59E-05

2.45E-08

GO:0045777

positive regulation of blood pressure

P

1.66E-04

3.47E-07

GO:0006821

chloride transport

P

5.19E-04

1.42E-06

GO:0030643

P

5.19E-04

1.85E-06

P

5.19E-04

1.85E-06

P

5.19E-04

1.85E-06

GO:0002019

cellular phosphate ion homeostasis
cellular di-, tri-valent inorganic anion
homeostasis
renal system process involved in
regulation of systemic arterial blood
pressure
regulation of renal output by
angiotensin

P

5.19E-04

1.85E-06

GO:0002001

renin secretion into blood stream

P

5.19E-04

1.85E-06

GO:0042756

drinking behavior

P

5.19E-04

1.85E-06

GO:0002035

P

5.19E-04

1.85E-06

P

5.19E-04

1.85E-06

GO:0002016

brain renin-angiotensin system
renin-angiotensin regulation of
aldosterone production
regulation of blood volume by reninangiotensin

P

5.19E-04

1.85E-06

GO:0072001

renal system development

P

1.11E-03

4.22E-06

GO:0001822

P

1.11E-03

4.22E-06

GO:0010873

kidney development
positive regulation of cholesterol
esterification

P

1.20E-03

5.54E-06

GO:0034433

steroid esterification

P

1.20E-03

5.54E-06

GO:0034434

sterol esterification

P

1.20E-03

5.54E-06

GO:0034435

cholesterol esterification

P

1.20E-03

5.54E-06

GO:0010872

regulation of cholesterol esterification

P

1.20E-03

5.54E-06

GO:0019932

second-messenger-mediated signaling

P

1.77E-03

8.42E-06

GO:0015698

inorganic anion transport
di-, tri-valent inorganic anion
homeostasis

P

1.91E-03

9.32E-06

P

2.03E-03

1.11E-05

P

2.03E-03

1.11E-05

P

2.03E-03

1.11E-05

P

2.03E-03

1.11E-05

GO:0001991

GO:0030319
GO:0003071

GO:0002018

GO:0055061
GO:0055062
GO:0003084

GO:0001976

phosphate ion homeostasis
positive regulation of systemic arterial
blood pressure
neurological system process involved in
regulation of systemic arterial blood
pressure
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GO:0045940

positive regulation of steroid metabolic
process

P

2.03E-03

1.11E-05

GO:0065008

regulation of biological quality

P

2.71E-03

1.58E-05

GO:0001655

urogenital system development

P

2.71E-03

1.60E-05

GO:0006873

cellular ion homeostasis

P

2.71E-03

1.61E-05

GO:0055082

cellular chemical homeostasis

P

3.03E-03

1.83E-05

GO:0003008

system process

P

3.71E-03

2.33E-05

GO:0006813

P

3.93E-03

2.54E-05

GO:0010863

potassium ion transport
positive regulation of phospholipase C
activity

P

3.93E-03

2.76E-05

GO:0007202

activation of phospholipase C activity

P

3.93E-03

2.76E-05

GO:0010517

P

3.93E-03

2.76E-05

GO:0010518

regulation of phospholipase activity
positive regulation of phospholipase
activity

P

3.93E-03

2.76E-05

GO:0030002

cellular anion homeostasis

P

3.93E-03

2.76E-05

GO:0050801

ion homeostasis

P

3.93E-03

2.80E-05

GO:0042310

vasoconstriction

P

5.17E-03

3.86E-05

GO:0060193

positive regulation of lipase activity

P

5.17E-03

3.86E-05

GO:0060191

regulation of lipase activity

P

6.57E-03

5.15E-05

GO:0007631

feeding behavior

P

6.57E-03

5.15E-05

GO:0055081

anion homeostasis

P

6.57E-03

5.15E-05

GO:0019725

cellular homeostasis

P

7.17E-03

5.79E-05

GO:0019933

cAMP-mediated signaling

P

8.07E-03

6.61E-05

GO:0048878

chemical homeostasis

P

9.53E-03

7.95E-05

GO:0060675

P

9.53E-03

8.26E-05

GO:0001658

ureteric bud morphogenesis
branching involved in ureteric bud
morphogenesis

P

9.53E-03

8.26E-05

GO:0019935

cyclic-nucleotide-mediated signaling

P

9.53E-03

8.26E-05

GO:0006820

P

1.20E-02

1.06E-04

GO:0045834

anion transport
positive regulation of lipid metabolic
process

P

1.36E-02

1.21E-04

GO:0001657

ureteric bud development

P

1.58E-02

1.43E-04

GO:0035295

tube development

P

1.98E-02

1.83E-04

GO:0032940

secretion by cell

P

2.45E-02

2.33E-04

GO:0006814

sodium ion transport

P

2.90E-02

2.82E-04

GO:0009306

protein secretion

P

3.43E-02

3.46E-04

GO:0046903

secretion

P

4.13E-02

4.21E-04

GO:0042592

homeostatic process
monovalent inorganic cation
homeostasis

P

4.25E-02

4.39E-04

P

4.40E-02

4.60E-04

GO:0055067
Biological
Process
Count

69
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Table A 3 Separate file, list of all unfiltered GO terms that were overrepresented in the
annotations of the genes overexpressed in kidney tissue relative to the rest of the kidney
data set as determined by a Fisher’s exact test and using a false discovery rate (FDR) rate
threshold of FDR<.05. Each term number is listed along with the term, the category
(C=cellular component, F=molecular function, and P=biological process). The post FDR
significance value is listed along with the overall unadjusted p-value. Terms are grouped
according to category (C, F, or P) and the total of each category is listed below the group.
GO-ID

term

category

FDR

p-Value

GO:0005890

sodium:potassium-exchanging ATPase complex

C

1.74E-25

2.68E-28

GO:0016021

integral to membrane

C

6.24E-21

1.78E-23

GO:0031224

intrinsic to membrane

C

1.75E-20

5.81E-23

GO:0044425

membrane part

C

5.81E-20

2.21E-22

GO:0016020

membrane

C

1.19E-14

6.91E-17

GO:0070469

respiratory chain

C

1.64E-14

9.93E-17

GO:0005792

microsome

C

1.18E-07

1.55E-09

GO:0016323

basolateral plasma membrane

C

1.93E-07

2.59E-09

GO:0042598

vesicular fraction

C

2.12E-07

2.90E-09

GO:0005624

membrane fraction

C

2.38E-07

3.31E-09

GO:0044459

plasma membrane part

C

2.44E-07

3.48E-09

GO:0005887

integral to plasma membrane

C

2.44E-07

3.48E-09

GO:0031226

intrinsic to plasma membrane

C

4.25E-07

6.15E-09

GO:0005626

insoluble fraction

C

5.24E-07

7.84E-09

GO:0031526

brush border membrane

C

1.30E-06

2.08E-08

GO:0042175

nuclear membrane-endoplasmic reticulum network

C

1.33E-05

2.45E-07

GO:0005640

nuclear outer membrane

C

1.63E-05

3.05E-07

GO:0005577

fibrinogen complex

C

5.03E-05

1.01E-06

GO:0005622

intracellular

C

5.10E-05

1.03E-06

GO:0005903

brush border

C

1.17E-04

2.55E-06

GO:0005905

coated pit

C

1.55E-04

3.47E-06

GO:0000267

cell fraction

C

7.74E-04

2.00E-05

GO:0005886

plasma membrane

C

8.00E-04

2.08E-05

GO:0030139

endocytic vesicle

C

1.20E-03

3.28E-05

GO:0016324

apical plasma membrane

C

1.29E-03

3.61E-05

GO:0044424

intracellular part

C

1.31E-03

3.68E-05

GO:0045177

apical part of cell

C

3.74E-03

1.14E-04

GO:0012505

endomembrane system

C

5.98E-03

2.01E-04

GO:0031253

cell projection membrane

C

7.68E-03

2.66E-04

GO:0005789

endoplasmic reticulum membrane

C

8.17E-03

2.85E-04

GO:0043227

membrane-bounded organelle

C

1.35E-02

5.02E-04

GO:0005783

endoplasmic reticulum

C

1.57E-02

5.99E-04

GO:0043231

intracellular membrane-bounded organelle

C

1.64E-02

6.33E-04
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GO:0031093

platelet alpha granule lumen

C

1.67E-02

6.56E-04

GO:0060205

cytoplasmic membrane-bounded vesicle lumen

C

1.67E-02

6.56E-04

GO:0043234

protein complex

C

1.67E-02

6.59E-04

GO:0044432

endoplasmic reticulum part

C

2.86E-02

1.22E-03

GO:0031091

platelet alpha granule

C

2.93E-02

1.26E-03

GO:0031983

vesicle lumen

C

3.43E-02

1.53E-03

GO:0005782

peroxisomal matrix

C

4.54E-02

2.10E-03

GO:0031907
Cellular
Component
Total

microbody lumen

C

4.54E-02

2.10E-03

GO:0008137

NADH dehydrogenase (ubiquinone) activity

F

6.31E-52

2.25E-55

GO:0003954

NADH dehydrogenase activity

F

6.31E-52

2.25E-55

GO:0050136

F

6.31E-52

2.25E-55

F

7.32E-52

3.47E-55

GO:0016655

NADH dehydrogenase (quinone) activity
oxidoreductase activity, acting on NADH or
NADPH
oxidoreductase activity, acting on NADH or
NADPH, quinone or similar compound as acceptor

F

1.18E-51

7.03E-55

GO:0005391

sodium:potassium-exchanging ATPase activity

F

1.74E-25

2.68E-28

GO:0004364

glutathione transferase activity

F

3.11E-23

6.27E-26

GO:0003824

catalytic activity

F

8.01E-22

1.90E-24

GO:0043621

protein self-association
ATPase activity, coupled to transmembrane
movement of ions, phosphorylative mechanism

F

1.07E-21

2.66E-24

F

6.22E-18

2.64E-20

GO:0016651

GO:0015662
GO:0015020

41

F

6.22E-18

2.66E-20

GO:0016765

glucuronosyltransferase activity
transferase activity, transferring alkyl or aryl (other
than methyl) groups

F

2.63E-17

1.18E-19

GO:0008194

UDP-glycosyltransferase activity

F

1.97E-14

1.24E-16

GO:0016758

F

1.05E-12

7.26E-15

GO:0042625

transferase activity, transferring hexosyl groups
ATPase activity, coupled to transmembrane
movement of ions

F

2.46E-12

1.72E-14

GO:0022838

substrate-specific channel activity

F

4.12E-12

3.04E-14

GO:0015267

channel activity

F

4.12E-12

3.04E-14

GO:0005216

ion channel activity

F

4.12E-12

3.04E-14

GO:0016491

oxidoreductase activity

F

4.58E-12

3.47E-14

GO:0022803

passive transmembrane transporter activity

F

5.19E-12

4.00E-14

GO:0008146

F

9.73E-11

8.20E-13

F

1.45E-10

1.29E-12

F

1.45E-10

1.29E-12

GO:0043492

sulfotransferase activity
ATPase activity, coupled to transmembrane
movement of substances
hydrolase activity, acting on acid anhydrides,
catalyzing transmembrane movement of substances
ATPase activity, coupled to movement of
substances

F

1.76E-10

1.61E-12

GO:0042954

lipoprotein transporter activity

F

2.23E-10

2.06E-12

GO:0016757

transferase activity, transferring glycosyl groups

F

7.67E-10

7.28E-12

GO:0042626
GO:0016820
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GO:0015399

GO:0016782

primary active transmembrane transporter activity
P-P-bond-hydrolysis-driven transmembrane
transporter activity
transferase activity, transferring sulfur-containing
groups

F

8.80E-10

8.67E-12

F

8.80E-10

8.67E-12

GO:0016740

transferase activity

F

1.98E-09

2.06E-11

F

1.05E-08

1.20E-10

GO:0022804

active transmembrane transporter activity

F

8.30E-08

1.04E-09

GO:0008241

peptidyl-dipeptidase activity

F

1.34E-07

1.76E-09

GO:0047704

F

7.82E-07

1.20E-08

GO:0047042

bile-salt sulfotransferase activity
3-alpha-hydroxysteroid dehydrogenase (B-specific)
activity

F

3.04E-06

5.12E-08

GO:0050197

phytanate-CoA ligase activity

F

3.04E-06

5.12E-08

GO:0070251

pristanate-CoA ligase activity

F

3.04E-06

5.12E-08

GO:0043295

glutathione binding

F

4.98E-06

8.64E-08

GO:0042623

ATPase activity, coupled

F

2.05E-05

3.93E-07

GO:0047743

chlordecone reductase activity

F

6.97E-05

1.48E-06

GO:0031957

very-long-chain-fatty-acid-CoA ligase activity

F

6.97E-05

1.48E-06

GO:0016887

ATPase activity

F

5.07E-04

1.24E-05

GO:0017124

SH3 domain binding

F

5.42E-04

1.33E-05

GO:0008511

sodium:potassium:chloride symporter activity

F

1.52E-03

4.27E-05

GO:0015245

fatty acid transporter activity

F

1.69E-03

4.77E-05

GO:0008144

drug binding

F

1.70E-03

4.85E-05

GO:0005509

calcium ion binding

F

2.28E-03

6.64E-05

GO:0015645

fatty-acid ligase activity

F

3.74E-03

1.15E-04

GO:0004467

long-chain-fatty-acid-CoA ligase activity

F

5.02E-03

1.62E-04

GO:0016229

F

5.02E-03

1.63E-04

GO:0033764

steroid dehydrogenase activity
steroid dehydrogenase activity, acting on the CHOH group of donors, NAD or NADP as acceptor

F

5.02E-03

1.63E-04

GO:0015296

anion:cation symporter activity

F

8.60E-03

3.01E-04

GO:0015125

bile acid transmembrane transporter activity

F

1.99E-02

7.90E-04

GO:0005529

sugar binding

F

2.47E-02

1.03E-03

GO:0005549

odorant binding

F

2.87E-02

1.23E-03

GO:0015382

sodium:sulfate symporter activity

F

2.87E-02

1.23E-03

GO:0015377

cation:chloride symporter activity

F

3.10E-02

1.35E-03

GO:0043499

eukaryotic cell surface binding
monocarboxylic acid transmembrane transporter
activity

F

3.43E-02

1.53E-03

F

4.54E-02

2.10E-03

GO:0015405

GO:0008028
Molecular
Function
Total
GO:0042773

58
P

5.95E-50

4.24E-53

GO:0006120

ATP synthesis coupled electron transport
mitochondrial electron transport, NADH to
ubiquinone

P

6.60E-42

5.48E-45

GO:0006119

oxidative phosphorylation

P

3.76E-31

4.46E-34
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GO:0022904
GO:0042775

respiratory electron transport chain
mitochondrial ATP synthesis coupled electron
transport

P

5.68E-29

7.42E-32

P

9.11E-24

1.62E-26

GO:0006813

potassium ion transport

P

7.82E-22

1.76E-24

GO:0045333

cellular respiration

P

7.31E-21

2.17E-23

GO:0022900

P

1.91E-20

6.58E-23

GO:0015980

electron transport chain
energy derivation by oxidation of organic
compounds

P

1.29E-19

5.04E-22

GO:0016310

phosphorylation

P

5.29E-17

2.45E-19

GO:0019439

aromatic compound catabolic process

P

3.58E-16

1.87E-18

GO:0006793

phosphorus metabolic process

P

6.84E-15

3.82E-17

GO:0006796

phosphate metabolic process

P

6.84E-15

3.82E-17

GO:0006814

sodium ion transport

P

1.59E-14

9.42E-17

GO:0055114

oxidation reduction

P

6.17E-13

4.10E-15

GO:0006091

generation of precursor metabolites and energy

P

4.58E-12

3.48E-14

GO:0045056

transcytosis

P

1.74E-09

1.80E-11

GO:0030001

metal ion transport

P

3.17E-09

3.46E-11

GO:0001558

regulation of cell growth

P

1.52E-08

1.79E-10

GO:0033280

response to vitamin D

P

2.49E-08

3.10E-10

GO:0016049

cell growth

P

1.83E-07

2.43E-09

GO:0042178

xenobiotic catabolic process

P

4.53E-07

6.62E-09

GO:0008361

regulation of cell size

P

4.71E-07

6.95E-09

GO:0006725

cellular aromatic compound metabolic process

P

5.31E-07

8.01E-09

GO:0006810

transport

P

1.01E-06

1.55E-08

GO:0051234

establishment of localization

P

1.12E-06

1.74E-08

GO:0010165

response to X-ray

P

1.30E-06

2.08E-08

GO:0042953

lipoprotein transport

P

2.30E-06

3.80E-08

GO:0042493

response to drug

P

4.18E-06

7.15E-08

GO:0030573

bile acid catabolic process

P

1.61E-05

2.98E-07

GO:0032535

regulation of cellular component size

P

3.04E-05

5.99E-07

GO:0010212

response to ionizing radiation

P

4.63E-05

9.29E-07

GO:0040008

regulation of growth

P

6.31E-05

1.31E-06

GO:0046879

hormone secretion

P

6.34E-05

1.32E-06

GO:0006706

steroid catabolic process

P

6.48E-05

1.36E-06

GO:0007156

homophilic cell adhesion

P

1.14E-04

2.45E-06

GO:0090066

regulation of anatomical structure size

P

1.52E-04

3.37E-06

GO:0008206

bile acid metabolic process

P

1.83E-04

4.17E-06

GO:0051179

localization

P

1.94E-04

4.48E-06

GO:0030168

platelet activation

P

2.46E-04

5.74E-06

GO:0009914

hormone transport

P

2.62E-04

6.15E-06

GO:0042760

very-long-chain fatty acid catabolic process

P

2.99E-04

7.21E-06
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GO:0006898

receptor-mediated endocytosis

P

3.32E-04

8.05E-06

GO:0015672

monovalent inorganic cation transport

P

5.78E-04

1.43E-05

GO:0008283

cell proliferation

P

6.55E-04

1.67E-05

GO:0006805

xenobiotic metabolic process

P

6.56E-04

1.69E-05

GO:0071466

cellular response to xenobiotic stimulus

P

6.56E-04

1.69E-05

GO:0009410

response to xenobiotic stimulus

P

8.14E-04

2.13E-05

GO:0015718

P

8.37E-04

2.24E-05

GO:0003001

monocarboxylic acid transport
generation of a signal involved in cell-cell
signaling

P

9.79E-04

2.65E-05

GO:0023061

signal release

P

9.79E-04

2.65E-05

GO:0031100

organ regeneration

P

1.20E-03

3.31E-05

GO:0040007

growth

P

1.90E-03

5.51E-05

GO:0033273

response to vitamin

P

2.91E-03

8.61E-05

GO:0016197

endosome transport

P

3.86E-03

1.22E-04

GO:0006766

vitamin metabolic process

P

6.78E-03

2.30E-04

GO:0008202

steroid metabolic process

P

8.80E-03

3.09E-04

GO:0000038

very-long-chain fatty acid metabolic process

P

1.10E-02

3.97E-04

GO:0030212

hyaluronan metabolic process

P

1.11E-02

4.05E-04

GO:0015721

bile acid and bile salt transport

P

1.11E-02

4.05E-04

GO:0030900

forebrain development

P

1.11E-02

4.06E-04

GO:0042127

regulation of cell proliferation

P

1.16E-02

4.28E-04

GO:0007596

blood coagulation

P

1.32E-02

4.88E-04

GO:0006812

cation transport

P

1.32E-02

4.90E-04

GO:0031099

regeneration

P

1.67E-02

6.56E-04

GO:0050817

coagulation

P

1.67E-02

6.58E-04

GO:0007599

hemostasis

P

1.67E-02

6.58E-04

GO:0008209

androgen metabolic process

P

1.99E-02

7.90E-04

GO:0051592

response to calcium ion

P

2.07E-02

8.25E-04

GO:0001676

long-chain fatty acid metabolic process

P

2.66E-02

1.12E-03

GO:0016042

lipid catabolic process

P

2.70E-02

1.14E-03

GO:0050878

regulation of body fluid levels

P

3.33E-02

1.47E-03

GO:0046395

carboxylic acid catabolic process

P

3.33E-02

1.47E-03

GO:0016054

organic acid catabolic process

P

3.33E-02

1.47E-03

GO:0032501

multicellular organismal process

P

3.97E-02

1.77E-03

GO:0032526
Biological
Process
Total

response to retinoic acid

P

4.67E-02

2.19E-03

76
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Table A 4 dn/ds (ω) ratios for a priori candidate genes as calculated using the codeml
program in PAML. “total” represents the values for the concatenation of all fragments of
a gene
Length of
D. spectabilis
Gene
Fragment
dn
ds
alignment (bp)
dn/ds (ω)
1
495
0.212
0.61
0.348
agt
1
321
0.045
0.78
0.058
agtr1a
1
183
0.095
0.984
0.097
aqp2
1
303
0.106
0.399
0.266
cyba
1
372
0.275
1.205
0.228
hsd11b2
1
381
0.022
0.449
0.049
pcsk5
1
1653
0.022
0.491
0.045
slc12a1
2
693
0.004
0.325
0.012
slc12a1
3
951
0.025
0.483
0.052
slc12a1
total
3297
0.019
0.445
0.043
slc12a1
1
144
0.095
0.329
0.289
slc12a3
2
429
0.03
0.516
0.058
slc12a3
total
570
0.046
0.465
0.099
slc12a3
1
564
0.036
0.342
0.105
slc9a3r1
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Table A 5 dn/ds (ω) ratios for a posteriori candidate genes (overexpressed in kidney) as
calculated using the codeml program in PAML. “total” represents the values for the
concatenation of all fragments of a gene. p>.05 for all genes.
Length of
D. spectabilis dn/ds
Gene
Fragment alignment
dn
ds
(ω)
(bp)
1
1092
0.024
0.417
0.058
aldob
1
882
0.177
0.87
0.203
asb9
1
300
0.144
0.225
0.640
cad16
2
462
0.091
0.315
0.289
cad16
3
1434
0.106
0.44
0.241
cad16
concat
2196
0.108
0.375
0.288
cad16
1
540
0.123
1.02
0.121
fgg
2
639
0.022
0.414
0.053
fgg
concat
1179
0.065
0.633
0.103
fgg
1
192
0.099
0.612
0.162
fxyd2
1
159
0.108
0.603
0.179
itih4
2
246
0.131
0.674
0.194
itih4
3
1155
0.137
0.442
0.310
itih4
concat
1560
0.133
0.491
0.271
itih4
1
1356
0.027
0.476
0.057
pah
1
342
0.086
0.52
0.165
pdzk1ip1
1
258
6.355
3.84
1.655
slc13a1
2
1455
0.062
0.368
0.168
slc13a1
total
1713
0.176
0.558
0.315
slc13a1
1
1383
0.054
0.729
0.074
slc27a2
1
651
0.38
0.703
0.541
spp1
1
666
0.063
0.286
0.220
tmem27
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Score = 299 bits (766), Expect(2) = 6e-102
Identities = 142/155 (92%), Positives = 152/155 (98%), Gaps = 0/155 (0%)
Frame = +3
Query 165
Sbjct 848
Query 345
Sbjct 908
Query 525
Sbjct 968

GQINRMDQERKAIISLLSKFRLGFHEVHVLPDINQKPRAEHIKRFEDMLAPFRLNDGFKD
GQINRMD+ERKAIISLLSKFRLGFHEVHVLPDINQKP+AEH KRFEDM+APFRLNDGFKD
GQINRMDEERKAIISLLSKFRLGFHEVHVLPDINQKPQAEHTKRFEDMIAPFRLNDGFKD

344

EATVAEMRRDCPWKISDEEMNKNRVKSLRQVRLNEILLDYSRDAALVVITLPIGRKGKCP
EATV EMRRDCPWKISDEE+NKNR+KSLRQVRL+EILLDYSRDAAL+++TLPIGRKGKCP
EATVTEMRRDCPWKISDEEINKNRIKSLRQVRLSEILLDYSRDAALIILTLPIGRKGKCP

524

SSLYMAWLETLSQDLSPPVILIRGNQENVLTFYCQ
SSLYMAWLETLSQDL PPV+LIRGNQENVLTFYCQ
SSLYMAWLETLSQDLRPPVLLIRGNQENVLTFYCQ

907

967

629
1002

Score = 90.1 bits (222), Expect(2) = 6e-102
Identities = 39/49 (80%), Positives = 43/49 (88%), Gaps = 0/49 (0%)
Frame = +1
Query

25

Sbjct

801

TIFQSGQGTKTVDIYWLFDDGGLTFLIPYLLRRKKRWSKCRVRVFVGAR
TIFQS QG KT+DIYWLFDDGGLT LIPYLL RKKRW KC++RVFVG +
TIFQSEQGKKTIDIYWLFDDGGLTLLIPYLLHRKKRWGKCKIRVFVGGQ

171
849

Figure A 1 Alignments of regions of similarity between the Dipodomys spectabilis query
and the Mus musculus sequence for Slc12a3 from the results of a BLASTx used to infer
reading frame for alignments. The first region of similarity is in the first reading frame
and the second region is in the third reading frame. The reverse compliment of the D.
spectablis was taken when the initial BLASTx (not shown) search indicated that the
reverse compliment was the proper orientation for the alignment.
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start of blast alignment
nucleotide
sequence
amino acid
sequence
end of blast
alignment
nucleotide
quality score

fragment 1 ends, fragment 2 begins
poor quality bases from 162-165, next blast
alignment begins at 165.

Figure A 2 Portion of D. spectabilis sequence for Slc12a3 displayed in screen shot from
Sequencher version 5.0 (Genecodes) to demonstrate supplementary methods. The cDNA
sequence is displayed with bases on a colored background that is indicative of the quality
score (see key in bottom left of figure). Dark blue indicates poor quality bases and light
blue indicates higher quality bases. The amino acid sequence for the first reading frame
translation is displayed below the cDNA sequence and the number of the first nucleotide
is displayed to the left of each line.
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